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Summary 
 
 
Minimally invasive surgery has been a major advance in the practice of medicine as 
it reduces the morbidity associated with larger incisions required for open surgery. 
A videoscopic system is used to capture and transmit two-dimensional images of 
the patient during a procedure. In open surgery, the binocular configuration of the 
human visual system is used to generate key depth information. Minimally invasive 
surgery requires interpretation of monocular visual cues to perform visuospatial 
judgments and complex psychomotor skills. The absence of binocular depth cues 
extends the learning curve during which there is an increased risk of surgical error. 
 
Stereoendoscopes produce binocular visual cues by presenting horizontally 
disparate images of the operative field to each eye. Stereoscopic surgery is 
associated with improvements in surgical performance but historical projection 
mechanisms generated intolerable viewing conditions resulting in visual fatigue. 
Time-parallel passive polarising stereoscopic displays	   use polarising filters to 
simultaneously designate alternate pixel rows of horizontally disparate images. 
Circular polarising eyewear corresponding to the display surface filters allows 
disparate images to be viewed separately by each eye. The difference between 
these images is interpreted as a binocular depth cue. 
 
This thesis aims to identify the potential impact and tolerance of time-parallel 
passive polarising stereoscopic displays for minimally invasive surgery. 
Accommodative dynamic responses were used to objectively measure visual 
fatigue following stereoscopic viewing. Visual perception of stereoscopic stimuli 
was investigated by psychophysical performance during visual search and by 
quantifying attention deployment while viewing stereoscopic surgery.  
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This work provides insight into the future role of stereoscopic visualisation for 
minimally invasive surgery. It indicates that time-parallel passive polarising displays 
improve performance of surgical skills and are well tolerated by experienced 
minimally invasive surgeons under stereoscopic conditions. Novice surgeons may 
experience increased visual fatigue while learning minimally invasive surgery due to 
disturbance of normal visual attention mechanisms. This thesis forms the basis for 
future clinical trials to evaluate the impact of this technology on the performance of 
minimally invasive surgery. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 4 
Declaration 
	  
The candidate confirms that the work submitted is his own, and has been carried 
out in the Minimal Access Therapy Training Unit, University of Surrey. Appropriate 
credit has been acknowledged and reference made to the work of others.  
 
The work in this thesis has been carried out in accordance with the regulations of 
the University of Surrey. The work is original, and in no part of this thesis has been 
submitted for any other degree. 
 
A grant was awarded for the work performed by Ethicon Endo-Surgery. They had 
no input into the design of neither these studies, nor the presentation and 
publication of the results.  
 
Views expressed are that of the author and not of the University of Surrey.  
 
 
 
 
Ralph Vincent Phillip Smith  
 5 
Acknowledgments 
I would like to thank my supervisors. Mr Iain Jourdan, for the opportunity to embark 
on a novel and exciting area of surgical research. I am grateful for his attentive 
guidance throughout this research and the privilege to learn from his continued 
dedication to surgical innovation.  
 
Professor Karen Ballard has been a continuous vital source of practical support 
throughout, whose steerage and critique has been critical to achieving submission 
of this thesis.  
 
I am very grateful to Professor Timothy Rockall for the opportunity to conduct this 
research and for his encouragement, support and practical advice regarding all 
aspects during its evolution. 
 
I am grateful to Professor Michael Bailey for investing resources of the Minimal 
Access Therapy Training Unit towards these research endeavors.  
 
Dr David Windridge has been instrumental in supervising my development of the 
experimental chapters in addition to Dr Shuichi Taya within the Centre of Vision 
Speech and Signal Processing. In particular, I thank them for assistance towards 
developing the necessary protocols and code generation to deploy and access 
data within the visual attention experiments.  
 
I would like to thank Dr Sig Johnsen and Dr Patrick Mccabe for stastical advice 
regarding data analysis within this thesis. 
 
 6 
I was fortunate to work alongside my fellow researcher and friend, Mr Andrew Day.  
His valuable critique of the experimental methodology and camerarderie was 
invaluable throughout the challenges of this research. 
 
I extend gratitude to my colleague and friend Dr Nicholas Annear for his counsel 
during my academic career and for his welcomed advice along the pathway to 
submission.  
 
Finally, I am grateful to have received continued support from my parents, close 
family and friends. In particular, I thank my wife and daughter for their inexhaustible 
tolerance, consideration and encouragement during the creation and write up of 
this thesis. 
	    
 7 
Table of Contents 
SUMMARY ................................................................................................................ 2 
DECLARATION ......................................................................................................... 4 
ACKNOWLEDGMENTS ............................................................................................ 5 
TABLE OF CONTENTS ............................................................................................. 7 
LIST OF FIGURES AND TABLES ........................................................................... 12 
PROLOGUE ............................................................................................................. 18 
CONTRIBUTIONS TO THE SCIENCE OF VISUAL PERCEPTION IN SURGERY.20 
CHAPTER 1 ............................................................................................................. 22 
PRINCIPLES AND APPLICATION OF STEREOSCOPIC PROJECTION FOR 
MINIMALLY INVASIVE SURGERY ......................................................................... 22 
AIM ............................................................................................................................ 22 
THE DISCOVERY OF HUMAN STEREOPSIS ....................................................................... 22 
THE WHEATSTONE STEREOSCOPE ................................................................................ 23 
ACHIEVING A SINGLE BINOCULAR PERCEPT ................................................................... 25 
THE CLASSIFICATION OF EYE MOVEMENTS………………………………………………….29 
THE OCULAR NEAR TRIAD ............................................................................................. 29 
PANNUMS FUSIONAL AREA ........................................................................................... 31 
ACCOMMODATION AND CONVERGENCE CONTROL SYSTEMS ........................................... 31 
ACHIEVING DEPTH JUDGMENT FROM MONOCULAR CUES ................................................ 32 
THE DEVELOPMENT OF STEREOSCOPIC PROJECTION ...................................................... 33 
STEREOSCOPIC DISPLAYS AND APPLICATIONS ............................................................... 36 
CURRENT EVIDENCE FOR USING STERESOCOPIC DISPLAYS IN MINIMALLY INVASIVE SURGERY
 ................................................................................................................................. 37 
CHAPTER 2 ............................................................................................................. 52 
OCULAR DYNAMICS AND VISUAL FATIGUE USING STEREOSCOPIC 
DISPLAYS ................................................................................................................ 52 
 8 
AIM ............................................................................................................................ 52 
ORIGINS OF VISUAL FATIGUE ........................................................................................ 52 
OBJECTIVE MEASUREMENT OF ACCOMMODATION USING AUTOREFRACTION ..................... 54 
SUBJECTIVE MEASUREMENT OF VISUAL FUNCTION ......................................................... 55 
ACCOMMODATION RESPONSES TO STATIC STEREOSCOPIC STIMULI ................................. 55 
ACCOMMODATION AND VERGENCE INTERACTIONS RESULTING FROM STEREOSCOPIC 
STIMULI ...................................................................................................................... 56 
ACCOMMODATIVE DYNAMIC CHANGES INDUCED BY STEREOSCOPIC MOTION SEQUENCES . 60 
STEREOSCOPIC DISTORTIONS AND BINOCULAR ASYMMETRY .......................................... 61 
CHAPTER 3 ............................................................................................................. 63 
ATTENTION AND STEREOSCOPIC STIMULI ....................................................... 63 
AIM ............................................................................................................................ 63 
VISUAL ATTENTION PROCESSES .................................................................................... 63 
VISUAL SALIENCE ........................................................................................................ 64 
OBJECTIVE MEASUREMENT OF ATTENTION USING VISUAL SEARCH TASKS ......................... 65 
PREDICTING ATTRIBUTES THAT DRAW ATTENTION………………………………………….68 
VISUAL SEARCH PERFORMANCE IN STEREOSCOPIC CONDITIONS…………………………..71 
ATTENTION DEPLOYMENT IN COMPLEX STEREOSCOPIC SCENES…………………………..74 
VISUAL FUNCTION AND IMPLICATIONS FOR STEREOSCOPIC MINIMALLY INVASIVE 
SURGERY…………………………………………………………………………………….76  
CHAPTER 4 ............................................................................................................. 79 
EVALUATION OF MINIMALLY INVASIVE SURGICAL SKILLS PERFORMANCE 
USING TIME-PARALLEL STEREOSCOPIC DISPLAYS ........................................ 79 
EXPERIMENT 1 - NOVICE SURGEONS .......................................................................... 79 
INTRODUCTION ........................................................................................................... 79 
AIM ............................................................................................................................ 80 
METHOD .................................................................................................................... 80 
STATISTICAL ANALYSIS ................................................................................................ 85 
RESULTS .................................................................................................................... 85 
DISCUSSION ............................................................................................................... 94 
EXPERIMENT 2 - EXPERIENCED SURGEONS ................................................................. 95 
INTRODUCTION ........................................................................................................... 95 
 9 
AIM ............................................................................................................................ 95 
METHOD .................................................................................................................... 95 
STATISTICAL ANALYSIS ................................................................................................ 96 
RESULTS .................................................................................................................... 97 
DISCUSSION ............................................................................................................. 107 
CHAPTER 5 ........................................................................................................... 109 
CHANGES IN ACCOMMODATIVE DYNAMICS WHILE VIEWING 
STEREOSCOPIC SURGERY ................................................................................ 109 
EXPERIMENT 3 ......................................................................................................... 109 
INTRODUCTION ......................................................................................................... 109 
AIM .......................................................................................................................... 109 
METHOD .................................................................................................................. 109 
MEASUREMENT OF ACCOMMODATION RESPONSES ...................................................... 111 
STATISTICAL ANALYSIS .............................................................................................. 114 
RESULTS .................................................................................................................. 116 
DISCUSSION ............................................................................................................. 132 
CHAPTER 6 ........................................................................................................... 136 
VIEWING TOLERANCE OF STEREOSCOPIC SURGERY ................................... 136 
INTRODUCTION ......................................................................................................... 136 
AIM .......................................................................................................................... 136 
METHOD .................................................................................................................. 136 
STATISTICAL ANALYSIS .............................................................................................. 138 
RESULTS .................................................................................................................. 141 
DISCUSSION ............................................................................................................. 156 
CHAPTER 7 ........................................................................................................... 160 
PSYCHOPHYSICAL PERFORMANCE DURING STEREOSCOPIC VISUAL 
SEARCH TASKS ................................................................................................... 160 
EXPERIMENT 4 ......................................................................................................... 160 
INTRODUCTION ......................................................................................................... 160 
AIM .......................................................................................................................... 160 
METHOD .................................................................................................................. 161 
 10 
DESCRIPTION OF THE CALIBRATION PROCEDURE ......................................................... 166 
DEPLOYING THE EXPERIMENT ..................................................................................... 166 
STATISTICAL ANALYSIS .............................................................................................. 167 
RESULTS .................................................................................................................. 167 
DISCUSSION ............................................................................................................. 179 
CHAPTER 8 ........................................................................................................... 182 
INVESTIGATING ATTENTION DEPLOYMENT DURING STEREOSCOPIC 
MINIMALLY INVASIVE SURGERY ....................................................................... 182 
EXPERIMENT 5A - EYE MOVEMENT BEHAVIOUR DURING STEREOSCOPIC VIEWING ....... 182 
INTRODUCTION ......................................................................................................... 182 
AIM .......................................................................................................................... 182 
METHOD .................................................................................................................. 183 
STATISTICAL ANALYSIS .............................................................................................. 185 
RESULTS .................................................................................................................. 185 
EXPERIMENT 5B - VISUAL SALIENCY AND ATTENTION DEPLOYMENT ........................... 203 
INTRODUCTION ......................................................................................................... 203 
METHOD .................................................................................................................. 203 
STATISTICAL ANALYSIS .............................................................................................. 206 
RESULTS .................................................................................................................. 206 
EXPERIMENT 5C - QUANTIFYING DISPARITY MAGNITUDE AND ITS IMPACT ON ATTENTION
 ............................................................................................................................... 222 
INTRODUCTION ......................................................................................................... 222 
METHODS ................................................................................................................ 223 
STATISTICAL ANALYSIS .............................................................................................. 228 
RESULTS .................................................................................................................. 229 
EXPERIMENT 5D - QUANTIFYING DISPARITY VELOCITY AND ITS IMPACT ON ATTENTION
 ............................................................................................................................... 233 
INTRODUCTION ......................................................................................................... 233 
METHOD .................................................................................................................. 233 
STATISTICAL ANALYSIS .............................................................................................. 233 
RESULTS .................................................................................................................. 234 
DISCUSSION ............................................................................................................. 234 
CHAPTER  9 .......................................................................................................... 238 
 11 
SUMMARY AND CONCLUSIONS ........................................................................ 238 
FUTURE INVESTIGATION ............................................................................................. 243 
EMERGING TECHNOLOGIES ........................................................................................ 245 
FINAL CONCLUSION ................................................................................................... 248 
REFERENCES ....................................................................................................... 249 
APPENDICES ........................................................................................................ 272	  
 12 
List of Figures and Tables	  
Figure 1.1 Philip Bozzini and his operating cystoscope, the Lichtleiter or light conductor. . 19 
Figure 1.2.  Leonardo da Vinci illustrates the discrepancy between real objects and their 
pictorial representation. Trattato del la pittura, 1651 (13). ....................................................... 23 
Figure 1.3 The Wheatstone Stereoscope. ............................................................................. 24 
Figure 1.4 Illustrations representing the discovery of stereopsis. From  objects and their 
pictorial representation. viewing MS 1-10 in stereoscopic mode.ectively.t. On some 
remarkable, and hitherto unobserved, Phenomena of Binocular Vision’ By Charles 
Wheatstone, F.R.S., Professor of Experimental Philosophy in King's College, London. 1838  
(14) ............................................................................................................................................ 25 
Figure 1.5 The Horopter. Objects on the horopter are perceived by corresponding points on 
each retina and appear as a single image ............................................................................. 26 
Figure 1.6 Crossed and uncrossed disparities in relation to the horopter for a given fixation 
point. ...................................................................................................................................... 28 
Figure 1.7 Vergence eye movements are coordinated with accommodative changes in the 
ocular lens during fixation. ..................................................................................................... 30 
Figure 1.8 Accommodation and vergence interactions (EOM=extraocular muscles) . ......... 33 
Figure 1.9 The classification of depth cues……………………………………………………...32 
Figure 1.10 The Holmes-Bates stereo-viewer and a stereophotograph……………………..34 
Figure 1.11 A dual-channel stereoendoscope propagates light to separate left and right 
cameras. ................................................................................................................................ 35 
Figure 2.1 Vergence responses while viewing stereoscopic displays. ................................. 53 
Figure 3.1 An example of an efficient single feature parallel visual search. The single colour 
and orientation target features are distinct from the surrounding distractors. ...................... 65 
Figure 3.2a Guiding attributes for visual search… ................................................................ 67 
Figure 3.2b Guiding attributes for visual search……………………………………………… .. 68 
Figure 3.3 The saliency map proposed by Itti and Kock. In this model the visual stimulus is 
delineated into topographic feature maps (colour, intensity and orientation). Different spatial 
locations compete for saliency within each feature map. Locations which are conspicuous 
relative to their surrounds persist. All feature maps are then combined to generate a 
saliency map for the entire scene. The saliency map represents every location in the visual 
field that will guide the selection of attended locations, based on the spatial distribution of 
scene saliency……………………………………………………………………...70 
Figure 4.1 3D Laparoscopic Surgery presented at the ALSGBI 2011 Annual Conference 
using passive polarizing stereoscopic projection……………………………………………….80 
Figure 4.2 The dual channel stereoendoscope used with the Solid-Look stereoscopic 
system. ................................................................................................................................... 82 
Figure 4.3 The Solid-Look stereoscopic projection system, light source and recording 
equipment used in Experiment 1 and Experiment 2. ............................................................. 82 
Figure 4.4 Diagram illustrating the customised stereoscopic surgical recording and 
transmission system. ............................................................................................................. 85 
Figure 4.5 Mean performance time for novice surgeon’s to complete a repetition of the four 
tasks. p=<0.001 for rope pass, paper cut, needle capping and knot tying tasks using the 
paired t test (2D=monoscopic, 3D=stereoscopic) ................................................................. 86 
Figure 4.6 Mean performance time for novice surgeons to complete sequential task 
repetitions of tasks 1-4 combined, p=<0.001 for each repetition using the wilcoxon signed 
ranks test (2D=monoscopic, 3D=stereoscopic)………………………………………………....87 
Figure 4.7 Normal plots for the number of errors performed by novice surgeon’s completing 
the entire skills tasks protocol ie. 10 repetitions of tasks 1-4 combined (2D=monoscopic, 
3D=stereoscopic). .................................................................................................................. 88 
Figure 4.8 Box and whisker plot illustrating the number of errors performed by novice 
surgeon’s completing the entire skills tasks protocol i.e. 10 repetitions of tasks 1-4 
combined, p=<0.001 using the wilcoxon signed ranks test (2D=monoscopic, 
3D=stereoscopic). .................................................................................................................. 89 
 13 
Figure 4.9 Median numbers of errors for novice surgeon’s completing sequential task 
repetitions of tasks 1-4 combined. p=<0.001 for each repetition using the wilcoxon signed 
ranks test (2D=monoscopic, 3D=stereoscopic)………………………………………………….89 
Table 4.1 Median performance time and number of errors for all participants during the final 
5 repetitions of the four skills tasks, p values obtained using the wilcoxon signed ranks test.
 ............................................................................................................................................... 90 
Figure 4.10 Normal plots for motion tracking data during novice surgeonon tracking data  
errors for all participants during(2D=monoscopic, 3D=stereoscopic)………………………92 
Figure 4.11 Median motion tracking data for novice surgeon's peformance during 
repetitions 1 and 10 of tasks 1-4, a) path length, b) motion smoothness and c) grasping 
(2D=monoscopic, 3D=stereoscopic). .................................................................................... 93 
Figure 4.12	  Normal plots for experienced surgeon’s time to complete a repetition of tasks 
1-4  (2D=monoscopic, 3D=stereoscopic)………………………………………………………..98 
Figure 4.13	   Median time for experienced surgeon’s to complete a repetition of tasks 1-4, 
p=<0.001 for rope pass, paper cut, needle capping and knot tying using the wilcoxon 
signed ranks test (2D=monoscopic, 3D=stereoscopic)………………………………………...98 
Figure 4.14 Median time for experienced surgeons to complete sequential task repetitions 
of tasks 1-4 combined, p=<0.001 for each repetition using the wilcoxon signed ranks test 
(2D=monoscopic, 3D=stereoscopic)……………………………………………………………...99 
Figure 4.15 Normal plots for the number of errors performed by novice surgeon’s 
completing the entire skills tasks protocol ie. 10 repetitions of tasks 1-4 combined 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 100 
Figure 4.16 Box and whisker plot illustrating the number of errors performed by 
experienced surgeon’s completing the entire skills tasks protocol i.e. 10 repetitions of tasks 
1-4 combined, p=<0.001 using the wilcoxon signed ranks test (2D=monoscopic, 
3D=stereoscopic) ................................................................................................................. 101 
Figure 4.17 Median number of errors for experienced surgeons to complete sequential task 
repetitions of tasks 1-4 combined, p=<0.001 for each repetition using the wilcoxon signed 
ranks test (2D=monoscopic, 3D=stereoscopic)………………………………………………..101 
Figure 4.18 Normal plots for motion tracking data for novice surgeonotion tracking data d 
surgeons to complete sequential task repetitio(2D=monoscopic, 
3D=stereoscopic)…………103 
Figure 4.19 Median Motion tracking data for experienced surgeon complete sequential task 
repetitions of tasks 1-4 combined, p=<0.001 for each repetition using the wilcoxon signed 
ranks test (2D=monoscopic, 3D=stereoscopic))ks test (2D=mo 3D=stereoscopic)……..104 
Figure 4.20 Subjective workload ratings using the NASA Task Load Index for surgeons 
completing ten repetitions of the four skills tasks in monoscopic and stereoscopic modes, 
a) mental demand, b) physical demand, c) temporal demand, d) performance success, e) 
effort and f) frustration (2D=monoscopic, 3D=stereoscopic). ............................................. 106 
Table 5.1 A description of the surgical procedures viewed by participants in monoscopic 
and stereoscopic modes. .................................................................................................... 110 
Figure 5.1 The centre of a maltese cross was used as a fixation target. ............................ 112 
Figure 5.2 The experimental set-up. The PowerRefractor II (PRII). uses autorefraction to 
measure accommodative responses while participants change fixation between the far (1D) 
and near (5D) target. A hot mirror that allows passage of visible light but reflects infrared 
was positioned between the participant and the PowerRefractor II. ................................... 113 
Figure 5.3 Dynamic accommodation responses were measured during change of fixation 
between the far (1D) and near (5D) target. An audible stimulus prompted participants to 
alternate fixation between the centre of the near and far targets at 10s intervals. ............. 113 
Figure. 5.4 The accommodative dynamic response (AR) during change of fixation between 
the far (1D) and near (5D) target. Accommodation velocity and acceleration profiles were 
used to obtain dynamic accommodation data. Response magnitude (RM), peak velocity 
(PV), time to peak velocity (tPV), peak acceleration (PA) and time to peak acceleration (tPA) 
were calculated from each accommodative response profile. Mean data from a single 
participant following monoscopic viewing are illustrated. ................................................... 115 
Figure 5.5a Normal plots for accommodative dynamics at T0 (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 117 
Figure 5.5b Normal plots for accommodative dynamics at T0 (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 118 
 14 
Table 5.2 Accommodative dynamic response data measured at T0 following monoscopic 
and stereoscopic viewing, p values were obtained using the wilcoxon signed ranks test. 119 
Figure 5.6a Normal plots for accommodative dynamics at T60 (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 120 
Figure 5.6b Normal plots for accommodative dynamics at T60 (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 121 
Table 5.3 Accommodative dynamic response data measured at T60 following monoscopic 
and stereoscopic viewing, p values were obtained uusing the wilcoxon signed ranks test.
 ............................................................................................................................................. 122 
Figure 5.7a Normal plots for accommodative dynamics at T90 (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 123 
Figure 5.7b Normal plots for accommodative dynamics at T90 (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 124 
Table 5.4 Accommodative dynamic response data measured at T90 following monoscopic 
and stereoscopic viewing p values were obtained using the wilcoxon signed ranks test. . 125 
Figure 5.8 Median peak velocity of accommodation measured at T_0, T_60 and T_90 
following monoscopic and stereoscopic viewing (2D=monoscopic, 3D=stereoscopic)…..126 
Figure 5.9 Median peak acceleration of accommodation measured at T_0, T_60 and T_90 
following monoscopic and stereoscopic viewing (2D=monoscopic, 3D=stereoscopic)…..127 
Figure 5.10 The main sequence relationship indicating peak velocity as a function of 
accommodation response magnitude for all participants accommodative dynamic 
responses following monoscopic (top) and stereoscopic (bottom) viewing at T=0 (99% CI). 
The solid line indicates the combined linear regression fit for all participants, p=<0.001 
following monoscopic viewing and p=0.01 following stereoscopic viewing………………..129 
Figure. 5.11 The main sequence relationship indicating peak velocity as a function of 
accommodation response magnitude for all participants accommodative dynamic 
responses following monoscopic (top) and stereoscopic (bottom) viewing at T=60 (99% CI). 
The solid line indicates the combined linear regression fit for all participants, p=<0.001 
following both viewing conditions. ....................................................................................... 130 
Figure. 5.12 The main sequence relationship indicating peak velocity as a function of 
accommodation response magnitude for all participants accommodative dynamic 
responses following monoscopic (top) and stereoscopic (bottom) viewing at T=90 (99% CI). 
The solid line indicates the combined linear regression fit for all participants, p=<0.001 
following both viewing conditions. ....................................................................................... 131 
Figure 6.1 The scree plot illustrates an inflection point that indicates 4 factors. ................ 139 
Table 6.1 Factor Loadings obtained by principle component analysis using variamx 
rotation. ................................................................................................................................ 140 
Figure 6.2 Normal plots for all participants factor scores combined (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 142 
Table 6.2 Median factor scores for all participants scores combined (2D=monoscopic, 
3D=stereoscopic).llowing monoscopic and stereoscopic viewing in Experiments 1 to 
3…...143 
Figure 6.3 Normal plots for novice surgeon’s factor scores (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 144 
Table 6.3 Median factor scores for novice surgeon responses to the visual fatigue 
questionnaire following completion of the monoscopic and stereoscopic skills task in 
Experiment 1. ....................................................................................................................... 145 
Figure 6.4. Normal plots for experienced surgeon’s factor scores (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 146 
Table 6.4 Median factor scores for novice surgeon responses to the visual fatigue 
questionnaire following completion of the monoscopic and stereoscopic skills task in 
Experiment 1. ....................................................................................................................... 147 
Figure 6.5 Normal plots for Factor 1 scores (local eye symptoms and nausea) reported in 
Experiment 3 (2D=monoscopic, 3D=stereoscopic). ............................................................ 148 
Table 6.5 Factor 1 scores (local eye symptoms and nausea) reported in Experiment 3 .... 149 
Figure 6.6 Normal plots for Factor 2 scores (attention impairment) reported in Experiment 3 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 150 
Table 6.6 Factor 2 scores (attention impairment) reported in Experiment 3 ....................... 151 
Figure 6.7 Normal plots for Factor 3 scores (additional sensations and near fixation) 
reported in Experiment 3 (2D=monoscopic, 3D=stereoscopic). ......................................... 152 
 15 
Table 6.7 Factor 3 scores (additional sensations and near fixation) reported in Experiment 3
 ............................................................................................................................................. 153 
Figure 6.8 Normal plots for Factor 4 scores (physical discomfort and far fixation failure) 
reported in Experiment 3 (2D=monoscopic, 3D=stereoscopic). ......................................... 154 
Table 6.8 Factor 4 scores (physical discomfort and far fixation failure) in Experiment 3 .... 155 
Table 7.1 Target features for each visual search task. ........................................................ 162 
Figure 7.1 Examples of search grids used in the visual search tasks. a) monoscopic 
conjunction visual search, the target is present in a set size of 45 at location row 6, column 
1 and b) stereoscopic visual colour search, the target is absent in a set size of 45. .......... 163 
Table 7.2 The distribution of set size, target present and target absent trials for each visual 
search task is illustrated. ..................................................................................................... 165 
Figure 7.2 Illustration of the experimental set up. Participants viewed the display supported 
by a fixed chin rest during data acquisition. The Eyelink 1000 (SR Research, Ontario, 
Canada) was used to obtain eye movement data of the participants during each visual 
search task. .......................................................................................................................... 165 
Figure 7.3 The Eyelink 1000 (SR Research, Ontario, Canada) calibration procedure uses an 
infrared video camera to align the pupil and ensure drift correction error is <0.5° visual 
angle. ................................................................................................................................... 166 
Figure 7.4 Mean reaction time (ms) for each set size for the 6 visual search tasks a) colour 
search, b) orientation search and c) conjunction search (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 169 
Figure 7.5 Mean fixation count time for each set size for the 6 visual search tasks a) colour 
search, b) orientation search and c) conjunction search (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 170 
Figure 7.6 Mean fixation duration time for each set size for the 6 visual search tasks a) 
colour search, b) orientation search and c) conjunction search (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 171 
Figure 7.7 Mean saccade amplitude for each set size for the 6 visual search tasks a) colour 
search, b) orientation search and c) conjunction search (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 172 
Table 7.3 Fixation data for all participants during monoscopic and stereoscopic colour, 
orientation and conjunction visual search, p values obtained using the paired t test. ........ 173 
Figure 7.8 Example of a gaze pattern obtained during monoscopic conjunction visual 
search for set size 45. .......................................................................................................... 175 
Figure 7.9 Mean reaction time and fixation count for monoscopic and stereoscopic 
conjunction visual search, a+b) set size 9, c+d) set size 15 and e+f) set size 45. Row 0 
indicates the target was absent (2D=monoscopic, 3D=stereoscopic). ............................... 176 
Table 7.4 Mean response time and fixation count for monoscopic and stereoscopic 
conjunction visual searches for rows 7-9 (containing targets with crossed disparities)…..178 
Figure 7.10 Region of interest label applied to the visual search grids overlaying rows 8 and 
9 with crossed disparity. ...................................................................................................... 179 
Figure 8.1 Illustration of the experimental set up. ............................................................... 184 
Table 8.1 Description of the surgical motion sequences viewed by the participants. ........ 184 
Figure 8.2 Box and whisker plot illustrating fixation count for novice and experienced 
surgeons viewing VS1-10 combined in monoscopic and stereoscopic modes 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 186 
Figure 8.3a Normal plots for novice surgeon’s fixation dwell time viewing VS1-5 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 187 
Figure 8.3b Normal plots for novice surgeon’s fixation dwell time viewing VS5-10 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 188 
Figure 8.4a Normal plots for experienced surgeon’s fixation dwell time viewing VS1-5 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 189 
Figure 8.4b Normal plots for experienced surgeon’s fixation dwell time viewing VS5-10 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 190 
Figure 8.5 Median fixation dwell times (ms) for novice and experienced surgeons viewing 
VS 1-10 in monoscopic and stereoscopic modes (2D=monoscopic, 3D=stereoscopic). ... 191 
Figure 8.6a Normal plots for novice surgeon’s saccadic amplitude viewing VS1-5 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 192 
Figure 8.6b Normal plots for novice surgeon’s saccadic amplitude viewing VS5-10 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 193 
 16 
Figure 8.7a Normal plots for experienced surgeon’s saccadic amplitude viewing VS1-5 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 194 
Figure 8.7b Normal plots for experienced surgeon’s saccadic amplitude viewing VS5-10 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 195 
Figure 8.8 Median saccade amplitude (VA) for novice and experienced surgeons viewing 
VS 1-10 in monoscopic and stereoscopic modes (2D=monoscopic, 3D=stereoscopic). ... 196 
Figure 8.9a Normal plots for novice surgeon’s saccadic peak velocity viewing VS1-5 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 197 
Figure 8.9b Figure 5.5 Normal plots for novice surgeon’s saccadic peak velocity viewing 
VS5-10 (2D=monoscopic, 3D=stereoscopic). ..................................................................... 198 
Figure 8.10a Normal plots for experienced surgeon’s saccadic peak velocity viewing VS5-
10 (2D=monoscopic, 3D=stereoscopic). ............................................................................. 199 
Figure 8.10b Normal plots for experienced surgeon’s saccadic peak velocity viewing VS5-
10 (2D=monoscopic, 3D=stereoscopic). ............................................................................. 200 
Figure 8.11 Median saccade peak velocity (degsVA/s) for novice and experienced surgeons 
viewing VS 1-10 in monoscopic and stereoscopic modes (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 201 
Figure 8.12 Regions of interest image overlay for VS1-10 used in salience extracted 
residual data and phase spectrum of quaternion fourier transform (SERD-PQFT) analysis.
 ............................................................................................................................................. 205 
Figure 8.13. Fixation dwell time saliency extracted residual data (SERD) derived using 10 
salience models for novices viewing monoscopic VS1-10. There was no significant 
difference between SERD generated by the salience models used (p=0.56, Kruskal-Wallis 
test). ..................................................................................................................................... 207 
Figure 8.14 Saliency extracted residual data (SERD) for each saliency model based on 
euclidean distance between saliency predicted heat map compared to ground truth for 
novice participants viewing monoscopic VS1-10 based on fixation. SERD-PQFT saliency 
data was selected to compare monoscopic and stereoscopic viewing conditions. ........... 208 
Figure 8.15 Saliency extracted residual data (SERD) based on euclidean distance between 
saliency predicted heat map compared to ground truth for monoscopic vs. stereoscopic 
VS1-10 combined. SERD is calculated for a number of conditions including Nov fix=novice 
fixation count, Nov dur=novice fixation dwell time, N dur R =novice fixation dwell per ROI, 
Exp fix=expert fixation count, Exp dur=expert fixation duration, E dur R=expert fixation 
dwell per ROI, E-N fix=Expert-Novice fixation count, N-E fix=Novice-Expert fixation count, 
E-N dur=Expert-Novice fixation duration and N-E dur=Novice-Expert fixation duration. ... 209 
Figure 8.16 Saliency extracted residual data (SERD) based on euclidean distance between 
saliency predicted heat maps compared to ground truth for monoscopic vs. stereoscopic 
MS1-10 combined. SERD is calculated for a number of conditions including Nov fix=novice 
fixation count, Nov dur=novice fixation dwell time, N dur R =Novice fixation dwell per ROI, 
Exp fix=expert fiction count, Exp dur=expert fixation duration, E dur R=expert fixation dwell 
per ROI, E-N fix=Expert-Novice fixation count, N-E fix=Novice-Expert fixation count, E-N 
dur=Expert-Novice fixation duration and N-E dur=Novice-Expert fixation duration. .......... 210 
Figure 8.17a Phase spectrum of quaternion fourier transform (PQFT) heat maps compared 
to ground truth monoscopic novice surgeon heat maps for VS1-5. ................................... 212 
Figure 8.17b Phase spectrum of quaternion fourier transform (PQFT) heat maps compared 
to ground truth monoscopic novice surgeon heat maps for VS6-10. ................................. 213 
Figure 8.18 Normal plots for novice surgeon’s SERD-PQFT data for VS1-10 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 215 
Figure 8.19 Normal plots for novice surgeon’s SERD-PQFT data for MS1-10 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 216 
Table 8.2 Novice SERD-PQFT data represented as gaze fixation density per unit area 
normalised to unity………………………………………………………………………………...217 
Figure 8.20 Normal plots for experienced surgeon’s SERD-PQFT data for VS1-10 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 218 
Figure 8.21 Normal plots for experienced surgeon’s SERD-PQFT data for MS1-10 
(2D=monoscopic, 3D=stereoscopic). .................................................................................. 219 
Table 8.3 Expert SERD-PQFT data represented as gaze fixation density per unit area 
normalised to unity………………………………………………………………………………...220 
Figure 8.22 Gaze plot for participant 6 viewing VS10 in monoscopic and stereoscopic 
modes. ................................................................................................................................. 222 
 17 
Figure 8.23 Disparity analysis method a) original side by side b) superimposed left and right 
overlay c) anaglyph image and d) the disparity depth map. ................................................ 225 
Figure 8.24a Disparity weighted regions of interest labels for VS1-5. Yellow and blue labels 
correspond to regions of uncrossed and crossed disparity respectively. ........................... 226 
Figure 8.24b Disparity weighted regions of interest labels for VS6-10. Yellow and blue 
labels correspond to regions of uncrossed and crossed disparity respectively. ................ 227 
Table 8.4 Median fixation count for uncrossed disparity weighted regions of interest for 
stereoscopic and monoscopic modes. ............................................................................... 229 
Table 8.5 Median fixation count for crossed disparity weighted regions of interest for 
stereoscopic and monoscopic modes. ............................................................................... 230 
Figure 8.25 Median proportion of fixation dwell time for novices and experienced surgeons 
based on uncrossed disparity weighted regions of interest for VS1-10 (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 231 
Figure 8.26 Median proportion of fixation dwell time for novices and experienced surgeons 
based on crossed disparity weighted regions of interest for VS1-10 10 (2D=monoscopic, 
3D=stereoscopic). ................................................................................................................ 231 
Figure 8.27 Median normalised dwell times (ms/pixels2) based on uncrossed disparity 
weighted regions of interest for novice and experienced surgeons viewing VS1-10 in 
stereoscopic mode. ............................................................................................................. 232 
Figure 8.28 The relationship between fixation count and peak disparity velocity for novices 
and experienced surgeons viewing MS 1-10 in stereoscopic mode. .................................. 234 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	   	  
 18 
Prologue 
 
In 1805, Philip Bozzini created one of the earliest instruments used for minimally 
invasive surgery (Figure 1.1). The cystoscope that he developed propagated light 
into the urinary bladder, which was reflected back to a viewfinder. The surgeon 
peered down the viewfinder with a single eye and perceived a two-dimensional 
image of the organ. At the time of his invention the origins of binocular depth 
perception were poorly understood. Consequently, for the majority of the last two 
hundred years surgeons have performed minimally invasive procedures while 
viewing two-dimensional images.  
 
Minimally invasive surgery has been a major advance in the practice of medicine as 
it reduces the morbidity associated with larger incisions required for open surgical 
procedures. Small access ports allow insertion of an endoscopic camera, light 
source and operating instruments used to perform a procedure.  In open surgery, 
the binocular configuration of the human visual system is used to generate key 
depth information. During conventional minimally invasive surgery, surgeons 
interpret monocular visual cues projected from a two-dimensional display to 
perform depth judgements and execute visuospatial skills. The absence of 
binocular depth cues significantly extends the learning curve for minimally invasive 
surgery. Dual channel surgical stereoendoscopes were first used in the 1990‘s to 
recreate a stereoscopic image for surgeons. Several studies were conducted to 
evaluate their impact on surgical performance. Variable performance advantages 
were demonstrated (1-11) but suboptimal display systems generated unacceptable 
visual symptoms (12) and they were largely abandoned until recent advances in 
stereoscopic projection in 2009. 
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This study was conducted to investigate how time parallel passive polarising 
stereoscopic projection might influence minimally invasive surgery. 
 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 
Figure 1.1 Philip Bozzini and his operating cystoscope, the Lichtleiter or light conductor. 
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Contributions to the science of 
visual perception in surgery 
 
The major contributions of this thesis to the understanding of vision in minimally 
invasive videoscopic surgery are listed below. 
 
1. Established the impact of time parallel passive polarising stereoscopic displays 
on the learning curve for novices performing minimally invasive surgical skills in a 
simulated environment.  
 
2. Established the impact and perceived workload of time parallel passive 
polarising stereoscopic displays for experienced minimally invasive surgeons 
who have established proficiency using two-dimensional displays. 
 
3. Investigated for the first time the objective changes in accommodative dynamic 
function when viewing stereoscopic surgical procedures.  
 
4. Investigated visual tolerance while viewing stereoscopic minimally invasive 
surgery using time parallel passive polarising displays. 
 
5. Investigated the impact of stereoscopic visual cues on perceptual and 
psychophysical performance during visual search tasks. 
 
6. Investigated the influence of stereoscopic stimuli on visual attention deployment 
while viewing minimally invasive surgical procedures.  
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The content of this thesis has contributed to peer reviewed scientific literature and 
has been presented at the national and international scientific meetings 
summarised in Appendix 1.  
Chapter 1 
 
Principles and application of 
stereoscopic projection for 
minimally invasive surgery 
 
Aim	  
This chapter describes the principle of stereopsis and how its discovery led to an 
evolution in stereoscopic projection technology. The literature reporting the 
advantages and limitations of historical stereoscopic vision systems for use in 
minimally invasive surgery is then reviewed.  
 
The discovery of human stereopsis 
Leonardo da Vinci was the first to consider the discrepancy between our 
perception of real objects and pictorial representations. He observed that near 
objects could not be accurately represented unless viewed with a single eye. In 
Trattato del la Pittura (13) he reports; 
 
‘that a painting, though conducted with the greatest art and finished to the last 
perfection, both with regard to its contours, its lights, its shadows and its colours, 
can never show a relievo equal to that of the natural objects, unless these be viewed 
at a distance and with a single eye’.  
 
Da Vinci confirmed that viewing an object with both eyes minimises the region 
occluded by the object (Figure 1.2). Viewing a sphere C with only the right eye at A 
occludes the space CDE. If the left eye B is then opened, the occluded space is 
much smaller (represented by the triangle immediately behind the sphere). 
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Furthermore, the occluded space gets smaller as the object is placed nearer to the 
eyes. Da Vinci noted that attempts to minimise occlusion based on the 
observations above were not applicable to pictorial representations. He concluded  
 
‘this observation is therefore evident, because a painted figure intercepts all the 
space behind its apparent place, so as to preclude the eyes from the sight of every 
part of the imaginary ground behind it.’ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2.  Leonardo da Vinci illustrates the discrepancy between real objects and their 
pictorial representation. Trattato del la pittura, 1651 (13). 
 
Although Da Vinci had proposed this as the mechanism by which we perceive the 
three dimensionality of near objects he was in fact wrong and it would not be for 
nearly another 200 years before the true mechanism of binocular vision was 
understood. 
 
The Wheatstone stereoscope 
Professor Charles Wheatstone observed that in addition to minimising occlusion, 
the left and right images of an object in near space are distinct from one another 
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due to the horizontal separation of the two human eyes (14) Prior to this, it was 
believed that objects could be seen single only when their similar images fell on 
corresponding points of the two retinae. He concluded that the difference between 
the two retinal images of the same object generates an important binocular 
stimulus for the perception of depth. He termed this process stereopsis and went 
on to develop the Wheatstone Stereoscope to illustrate his findings (Figure 1.3). 
 
 
Figure 1.3 The Wheatstone Stereoscope.  
 
To begin with he obtained two illustrations of simple objects as seen from the left 
and right eyes separately (Figure 1.4). The stereoscope presented the horizontally 
separated images to the corresponding eye. When corresponding left and right 
images were presented to each eye a perception of depth was achieved similar to 
the real object being viewed, rather than the illustrations. When both left images 
were placed in the stereoscope and viewed by each eye, all sensation of depth was 
lost. Left and right images of complex objects and scenes were also perceived with 
depth similar to the actual scene when viewed in the stereoscope. 
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Figure 1.4 Illustrations representing the discovery of stereopsis. From ‘The Wheatstone 
Stereoscope - from Contributions to the Physiology of Vision.—Part the First. On some 
remarkable, and hitherto unobserved, Phenomena of Binocular Vision’ By Charles 
Wheatstone, F.R.S., Professor of Experimental Philosophy in King's College, London. 1838  
(14.) 
 
With his stereoscope, Professor Wheatstone’s experiments confirmed the principle 
of stereopsis that has remained fundamental to modern day stereoscopic image 
generation and projection. 
 
Achieving a single binocular percept 
The fovea is the point on each retina that contains the highest concentration of 
photoreceptive neurons. Environmental objects detected by the fovea are therefore 
perceived with the greatest detail. When regarding an object in near space we 
attempt to direct each fovea towards the point of interest. The process of fixation is 
achieved by coordinated movements of each eyeball coupled with morphological 
changes in each ocular lens. When the coordinates of a fixation are the same on 
each retina, binocular fusion occurs and a single percept is generated. For a given 
point of fixation in near space, a region joining all points of binocular fusion is 
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referred to as the horopter (Figure 1.5). Objects on the horopter are perceived by 
corresponding points on each retina and appear as a single image. As we maintain 
fixation, we continue to perceive visual information from regions other than the 
fixation point in a visual scene. Achieving binocular fusion becomes more difficult 
for objects that are present at an increasing distance from the horopter, as each 
retina perceives a slightly different image of the remaining objects. The retinal 
disparity between these points within our visual field is interpreted as a depth cue 
and generates stereopsis (14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 The Horopter. Objects on the horopter are perceived by corresponding points on 
each retina and appear as a single image 
 
It follows, that for a given point of fixation, objects nearer than the horopter have 
‘crossed’ disparities. Objects further away than the horopter have ‘uncrossed’ 
disparities. As the distance of objects increases relative to the horopter the retinal 
disparity also increases providing a magnitude of stereopsis. This can be illustrated 
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during the following exercise. Place you right index finger in front of your nose at 
approximately 30 cm away. Keep your right index finger stationary and focus on 
the tip throughout. At the same time place your left index finger in line with your left 
eye. Move your left finger slowly back and forth, as near and as far as you can 
reach from your left eye. While fixating on your right finger you will notice that there 
becomes a point where your left index finger appears as a single percept. As you 
move nearer and further away from the point of single percept, the left finger is 
perceived as double. This gross illustration allows one to understand the basic 
principle of the horopter and retinal disparity. As your left finger moves from the 
horopter towards the eye, the two images have increasing crossed disparity. As it 
moves further away from the horoptor, as far as you can reach, the two separate 
left and right images have increasing uncrossed disparity (Figure 1.6). This 
binocular information generates depth perception and helps us to determine the 
relative distances between objects in our environment.  
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Figure 1.6 Crossed and uncrossed disparities in relation to the horopter for a given fixation 
point. 
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The classification of eye movements 
Foveal fixation can be achieved by distinct eye movement patterns. These have 
been classified as 
 
• Saccades - rapid, ballistic movements of the eyes that abruptly change the 
point of fixation. Saccades can be initiated voluntarily or involuntarily; 
 
• Smooth pursuit - much slower tracking movements of the eyes designed to 
keep a moving stimulus on the fovea. Such movements are under voluntary 
control in the sense that the observer can choose whether or not to track a 
moving stimulus; 
 
• Vergence - aligns the fovea of each eye with targets located at different 
distances from the observer.  
 
• Vestibulo-ocular - stabilises the eyes relative to the external world, thus 
compensating for head movements. These reflex responses prevent visual 
images from “slipping” on the surface of the retina as head position varies. 
 
The ocular near triad 
The human visual system performs finely coordinated processes to focus light 
reflected from a point of interest onto corresponding points of each fovea (Figure 
1.7). These coupled mechanisms are known as the ocular near triad and include; 
• Vergence – disconjugate movements of each eye occurr during foveal alignment 
by coordinated actions of the extraocular muscles.  
• Accommodation - morphological changes in the crystalline ocular lens act to 
focus light on the fovea by action of the ciliary muscles 
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• Pupillary dynamic changes - dilatation and constriction of the pupil aperture 
adjusts light entering the pupil and contributes to the state of accommodation.  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure 1.7 Vergence eye movements are coordinated with accommodative changes in the 
ocular lens during fixation. 
	  
The magnitude of accommodation and vergence depends on the distance of the 
fixation target. Accommodation is measured in diopters (d). Vergence can be 
measured in degrees of visual angle (degsVA). With normal vision, fixation of a 
distant object is achieved by parallel alignment of the pupil apertures and relaxation 
of the ciliary muscles and ocular lens. When a near object is fixated, the eyeballs 
rotate inwards and the optical power of the ocular lens increases due to changes in 
the tension of the ciliary muscles. These actions focus light on to the fovea of each 
retina. The interaction between accommodation and vergence is accompanied by 
changes in pupil diameter. The pupil constricts with near accommodation fixation 
to compensate for increased spherical aberration. The pupil dilates with far fixation 
to reduce diffraction and increase illumination (15). Accommodative speed 
decreases with age associated with morphological changes to the crystalline lens 
(16). 
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Pannums fusional area 
During fixation there are continuous tonic fluctuations in vergence and 
accommodation to help maintain focus on the fovea. Depth of focus refers to the 
accommodation range for a given state of vergence before blur is introduced. It 
reflects the variation in image distance for a lens which can be viewed without loss 
of sharpeness (17). Depth of field refers to the range of distance that can be 
tolerated for a given state of accommodation and generates a region surrounding 
the horopter whereby binocular fusion is maintained. This zone is known as 
panums fusional area, which defines the zone of clear, comfortable binocular vision 
(18). 
Accommodation and convergence control systems 
Vergence and accommodation are closely coupled mechanisms incorporating 
parallel negative feedback control systems. The initiator for accommodation is blur 
whereas image disparity initiates convergence. The model used to describe the 
interactions of the feedback mechanism is illustrated in Figure 1.8 (19). Object 
distance is the input variable to the accommodation controller. Accommodation is 
modified by an error signal in the form of perceived image blur. Blur occurs when 
there is a discrepancy between object distance and an accommodation state that 
exceeds an individual’s depth of focus. A proportionate blur driven accommodation 
response is then initiated by the error signal. Vergence is stimulated by binocular 
disparity as the error signal. Binocular disparity occurs when there is a discrepancy 
between object distance and the vergence state. Proportionate vergence is 
stimulated to correct the disparity error. Accommodation and vergence interact via 
cross-linked negative feedback mechanisms. The amount of convergence that is 
induced by a change in accommodation in the absence of disparity is assessed by 
the accommodative convergence/accommodation ratio (AC/A). Closing one eye to 
remove the disparity vergence feedback stimulus can assess the AC/A ratio. The 
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amount of accommodation induced by a change in vergence in the absence of blur 
is assessed by the convergence accommodation/convergence ratio (CA/C). The 
CA/C ratio can be measured by making the individual view the visual stimulus 
through a pinhole to remove the blur accommodative stimulus.  
 
 
 
 
 
 
 
 
 
 
Figure 1.8 Accommodation and vergence interactions (EOM=extraocular muscles) (20). 
 
 
Achieving depth judgment from monocular cues 
Depth information is generated from a number of sources. These are outlined in the 
physiological stimulus classification illustrated by (21). Monocular cues include 
object interposition, relative size, texture gradients, linear perspective, light and 
shade, movement parallax and dynamic occlusion (Figure 1.9). Monocular cues can 
be used to perform accurate depth judgements during the execution of complex 
visuomotor tasks. Learning minimally invasive surgery requires accurate 
interpretation of these monocular depth cues to perform precise movements when 
using conventional two-dimensional displays. 
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Figure 1.9 The classification of depth cues (21). 
 
The development of stereoscopic projection  
 
The images generated by the Wheatstone Stereoscope were accepted as a 
revolutionary advance within the entertainment industry during the late 1800’s. A 
variety of adaptations were created to view stereoscopic images from left and right 
portraits of famous locations and prominent individuals in society. During 1850-
1930’s millions of stereoscopes were produced in Europe and the USA (22). Oliver 
Wendell Holmes invented a compact relatively inexpensive version of the original 
Wheatstone stereoscope in 1861. The viewer was accompanied by a collection of 
stereophotographs that allowed individuals to enjoy stereoscopic images from 
famous worldwide locations (Figure 1.10). The Holmes-Bates stereoscope and 
stereophotography remained popular until the 1940’s when its popularity was 
superseded by the development of motion pictures. 
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Figure 1.10 The Holmes-Bates stereo-viewer and a stereophotograph. 
 
In 1852, Wilhelm Rollmann developed an alternative method to separately project 
the left and right images to each eye. The side-by-side images were made up of 
two superimposed color layers. The stereo-image contained two differently 
coloured filtered left and right images that were projected to each eye. Viewers 
wore glasses with chromatically opposite coloured lenses. Each lens separated the 
images by canceling the filter color out and rendering the complementary color 
black to reveal a stereoscopic image. This process was later termed the ‘anaglyph’ 
method by Louis Ducos du Hauron of France. "Anaglyph" meaning "again" and 
"sculpture". In the 1940‘s, developers began projecting stereoscopic motion 
sequences to large audiences by using the anaglyph filter method. However, the 
image quality of anaglyph remained poor compared to its two-dimensional rival, 
which became established as the preferred viewing mode in the entertainment 
industry. 
 
Traditional endoscopes used a single optical channel, which produced a monocular 
view. It was not until the 1990‘s that successful attempts were made to incorporate 
binocular depth cues into surgical projection technology. Dual-channel rigid optical 
stereoendoscopes were designed to capture horizontally separated left and right 
perspectives of the operative field (Figure 1.11). Each parallel endoscopic channel 
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propagates light rays towards corresponding camera capture units. The disparity 
between the captured left and right images varies depending on the horizontal 
inter-axial separation of the two lenses situated at the distal tip of the 
stereoendoscope and their distance to the object of fixation.  
	  
	  
	  
	  
	  
	  
	  
	  
 
Figure 1.11 A dual-channel stereoendoscope propagates light to separate left and right 
cameras. 
 
The underlying principle of generating artificial three-dimensional images involves 
projecting two separate images of the same object, to each eye. Once captured, 
the stereoscopic surgical images require a real time high quality projection 
mechanism. A categorisation used to distinguish stereoscopic projection systems 
has been described by Meesters 2004 (23). Characteristic display features include 
the method used to generate separate left and right images and whether single or 
multiple viewers are able to watch simultaneously. Fixed console and head 
mounted displays incorporate two separate left and right displays that are placed 
close to a single viewer, whereas multi-viewer systems use larger displays and 
increased viewing distances. The primary distinction between available multi-view 
displays is whether or not viewers require additional eyewear to perceive the 
projected images. Stereoscopic displays require the use of polarising eyewear 
(aided viewing) whereas autostereoscopic displays do not. 
Chapter 1 Introduction 
36 
Stereoscopic displays and applications  
 
Stereoscopic application research is conducted in several scientific, clinical, 
industrial, military and commercial settings. The attributes and implications of 
technological advances in multi-view stereoscopic projection are presented at the 
international, multidisciplinary Stereoscopic Displays and Applications conference 
annually. At the origin of this thesis, a major research focus sought to refine the 
perceptual experience for audiences using multi-viewer stereoscopic large screen 
cinematic and home entertainments systems. Developing effective recording, data 
storage, compression, transmission and broadcast mechanisms for both pre-
recorded and live stereoscopic content occurred in parallel to support content 
distribution (24-25). Significant advances in the quality of stereoscopic gaming (26-28) 
and auto-stereoscopic mobile devices have also been made (29). 
 
Advantages and disadvantages of different stereoscopic projection formats have 
been evaluated for a given viewing setting or specific task and the resulting 
perceptual experience (30). In military settings, small unmanned ground vehicles 
used in reconnaissance, sensing and explosive disposal have been upgraded with 
stereoscopic visualization using multi-view stereoscopic displays to assist remote 
navigation during deployment (31). Other military applications have explored the role 
of autostereoscopic displays to augment flight path planning while facilitating 
integration with conventional two-dimensional displays (32). Stereoscopic displays 
have been used to improve understanding of injury patterns during professional 
sporting activities. Additional geometric data supplements two-dimensional video 
recordings of strain patterns evoked during high velocity side stepping maneuvers 
(33). Improved accuracy of image analysis tasks is achieved by interpretation of 
stereoscopic viewing data (34) prompting researchers to investigate how perception 
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of stereoscopic stimuli interacts with human cognition to modify task related 
behaviors (35-38). 
 
Current evidence for using steresocopic displays in minimally 
invasive surgery  
 
 The majority of studies investigating the impact of stereoscopic projection in 
minimally invasive surgery have been conducted in simulated settings (1-3,5-11,39-45). 
Only one study was conducted in a clinical setting evaluating performance during 
laparoscopic cholecystectomy (4). Most studies compare performance during the 
execution of laparoscopic skills tasks. The specific task features, number of 
repetitions, complexity and how well they represent in vivo laparoscopic skills 
varies considerably between studies. While some utilize validated sets of 
procedural tasks known to exhibit construct validity others involve a limited range 
of skills and low repetition number. This generates heterogeneous performance 
data associated with learning a novel execution task (46). The experience of the 
included participant’s ranges from complete novices (6-7) to experienced minimally 
invasive surgeons (1,4,8,12,39-40,43-45). Outcome measures invariably indicate the 
efficiency of task completion including task duration and occurrence of pre-defined 
errors using novel or previously validated defined scoring systems.  
 
There is a distinction between perceptual and execution tasks. Perceptual tasks 
investigate the interpretation of environmental stimuli to form judgments whereas 
execution tasks in the context of viewing stereoscopic displays considers the 
effector outcome of integrating perceptual stimuli to achieve a visuomotor 
response. Most studies evaluating stereoscopic projection for minimally invasive 
surgery incorporate execution tasks rather than perceptual tasks (1-3,5,7-11,49-45). The 
robustness of previous studies varies considerably. Some are appropriately 
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powered to detect significant differences whereas most do not incorporate a pre-
trial power calculation and the rationale for the chosen methodology is unclear. 
Interpretation of the literature should consider the time point during which the study 
was completed. Stereoscopic technology has continued to evolve since its first use 
in minimally invasive surgery. Consequently investigators have utilized a number of 
different stereoscopic projection methods reflecting the evolution of technological 
advances. The remainder of this chapter provides a review of the existing literature 
investigating the use of stereoscopic projection for minimally invasive surgical 
skills. 
 
Fixed binocular consoles 
The viewer peers into a dual screen viewing platform that is incorporated into a 
fixed operating console. A stereoscopic image is generated once the optical axis of 
each left and right image has been optimally aligned for the operating surgeon. The 
corresponding eye perceives each left and right image captured from the 
stereoendoscope. Fixed consoles were among the first stereoscopic projection 
technology to become regularly used in minimally invasive surgery in conjunction 
with master-slave robotic platforms. Isolated fixed consoles do not permit multiple 
viewers. Consequently, only the primary operating surgeon perceives a 
stereoscopic image. The strongest evidence to support the potential use of 
stereoscopic projection in minimally invasive surgery surrounds its integration with 
master-slave tele-manipulator systems. Several studies demonstrate performance 
advantages when these systems are used in stereoscopic compared to 
monoscopic mode.  
 
Falk et al (2001) reported significant improvements in performance time and error 
reduction for experienced laparoscopic surgeons using Da Vinci robot system in 
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stereoscopic compared to monoscopic standard definition and high definition 
modes (39). Perceptual tasks included visuospatial judgments and execution tasks 
ranging from simple manipulations to complex tasks resembling components of 
surgical procedures, including suturing. In addition to performance time and error 
rate, detailed analysis of objective performance metrics were compared for 
monoscopic and stereoscopic modes. These included motion tracking parameters 
velocity and acceleration profiles. Performance time was significantly reduced for 
simple manipulation tasks using stereoscopic mode compared to monoscopic 
mode. Mean velocity and mean acceleration were significantly greater with the 
stereoscopic mode. The velocity was also greater with stereoscopic compared to 
monoscopic high definition mode. Performance of complex tasks (suturing and 
knot tying) was significantly improved using stereoscopic compared to monoscopic 
mode (p < 0.05 and p = 0.01 respectively). However, this difference was reduced 
with the addition of high definition monoscopic modes. Interestingly, performance 
time was significantly improved during high definition compared to standard 
definition monoscopic mode. Outcomes of this study indicate that display 
resolution also plays a key role in perceptual judgments and in the context of tele-
manipulator systems may have an adjunctive benefit in addition to stereoscopic 
cue interpretation, during complex task execution. 
 
A comprehensive qualitative and quantitative evaluation tool was used to assess 
performance of experienced surgeons using the Da vinci stereoscopic 
telemanipulator by Munz et al (2004) (40). Robotic video motion analysis software 
(RoViMAS) was developed to interpret positional data obtained from the advanced 
programme interface data streaming protocol of the Da Vinci. The software was 
based on the previously validated Imperial College Surgical Assessment Device 
(ICSAD). Performance metrics including time taken, number of movements, 
distance travelled and number of errors (based on video analysis) were recorded 
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during completion of four surgical skills tasks. There were significant improvements 
in all measured parameters when using the stereoscopic mode compared to the 
monoscopic mode for all tasks. Further studies have confirmed the performance 
benefits of fixed console stereoscopic displays when performing surgical skills 
using master slave telemanipulators for both novices (45) and experienced 
participants (41-42). 
 
In conventional minimal invasive surgery visual cues are supplemented by haptic 
feedback during maneuvers. Use of master slave tele-manipulator disconnects the 
operating surgeon from the effector instrument. There is complete absence of 
realistic haptic feedback. In such circumstances the importance and reliance on 
visual cues is emphasized. It is therefore understandable that stereoscopic cues 
have been shown to significantly improve proficiency of surgical skills execution in 
this context. 
 
Head mounted binocular systems 
A similar principle to fixed consoles is used. The viewer wears a device housing the 
two separate left and right displays that are optimally aligned for an individual 
depending on their inter-pupillary distance. Surgeons have used head mounted 
displays (HMD’s) to perform non-robotic minimally invasive surgical procedures. 
HMD’s display full resolution to each eye maintaining important image 
characteristics such as display luminance and avoid perceptual disturbances 
associated with flicker induced by rapidly alternating views. 
 
Herron et al (1999) explored the potential benefits of different stereoscopic 
projection technologies to diminish the extended learning curve associated with 
laparoscopic skill acquisition (6). Fifty novice participants performed laparoscopic 
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skills tasks in a laboratory setting using a HMD, time-sequential stereoscopic 
display or standard two-dimensional display. Fifty novice participants completed 
two repetitions of three laparoscopic skills tasks. Mean total times to complete the 
tasks were 455, 459, 485, and 449 sec for two-dimensional display, stereoscopic 
time sequential display, two-dimensional HMD and stereoscopic HMD respectively, 
(p < 0.05). Mean total errors recorded were 11.3, 10.4, 12.3, and 10.8, for two-
dimensional display, stereoscopic time-sequential display, two-dimensional HMD 
and stereoscopic HMD respectively, (p < 0.05). 25% of participants reported 
headache following use of the stereoscopic HMD and 82% of participants 
described wearing the HMD uncomfortable. 
 
Bhayani et al (2005) compared the role of stereoscopic HMD’s during surgical 
trainees performance of laparoscopic skills in a randomized trial (8). The head-
mounted stereoscopic display consisted of dual left and right 800 x 600 liquid 
crystal display (LCD) screens viewed using a head mount. The authors selected a 
single execution visuomotor bead transfer task for participants and recorded their 
completion time when using different viewing modes. The task was performed 
more rapidly with the stereoscopic HMD compared to the standard two-
dimensional display (108 vs. 127 seconds, p=0.05). The subjective evaluation was 
limited to enquiring whether participants preferred using the HMD and the majority 
of participants confirmed this to be the case. The authors conclude that surgeons 
should consider use of stereoscopic HMD’s for completion of complex 
laparoscopic procedures. These recommendations are not supported by the 
findings of their study. Only simple execution tasks were examined in novice 
participants, who are unlikely to conduct complex laparoscopic procedures.  
 
Patel et al (2007) investigated fifteen novice laparoscopic surgeons performing a 
series of progressively complex validated laparoscopic skills (9). The tasks simulated 
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components of complex urological procedures including sutured anastomosis 
using animal tissue.  Each participant performed the task series twice, enabling use 
of both the monoscopic and stereoscopic HMD. Significant improvements in task 
accuracy and decreased error rates were reported for novices during stereoscopic 
HMD performance. There was no difference in expert performance using either 
viewing mode. Bittner et al (2008) reported prolongation of the learning curve when 
simulated laparoscopic skills tasks were performed by novice participants using a 
stereoscopic HMD and articulating instruments (10). Interestingly 83% of the 
participants reported an increased perception of depth but this failed to translate 
into performance benefits. However, this study was not powered to detect 
significant differences in the outcome measures and included only 6 participants of 
varied laparoscopic experience.  
 
Votanopoulos (2008) conducted a larger study evaluating the potential benefits of 
HMD using a randomized trial (11). 36 participants (including 25 novices) completed 
multiple repetitions of a laparoscopic skills tasks including complex suturing using 
a stereoscopic HMD followed by a two-dimensional display or the reverse order. 
Following a three-month period the task was repeated using the alternative viewing 
method. The three-month period attempted to minimize the impact of acquired 
laparoscopic skills on subsequent performance using the alternative viewing 
condition. Task completion time and pre-defined errors were significantly reduced 
for novices using the stereoscopic HMD. Novice participants initially tested using 
stereoscopic HMD demonstrated an improved learning curve compared to 
participants using the two-dimensional display. Participants obtained a statistically 
stable performance level (no significant difference between first and last scores, 
(p=0.05) during 5/6 of the tasks using the stereoscopic HMD. Reports of discomfort 
attributed to wearing the HMD were observed in 20% of the inexperienced and 9% 
of the experienced participants.  
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Use of HMD’s has been associated with enhanced performance of surgical 
assistants during robotic radical prostatectomies (47). Overall, they have not been 
widely accepted due to the ergonomic constraints associated with wearing bulky 
headgear, oculogyric reflex dysfunction and limiting perception of events peripheral 
to the head mounted display. 
 
Time-sequential stereoscopic displays 
Stereoscopic displays can be time-parallel or time-sequential. This subdivision is 
based on whether the separate left and right images are displayed simultaneously 
or alternately at high frequency. Early master-slave robotic platforms for minimally 
invasive surgery used time sequential displays, which present the separate left and 
right images alternately at high frequencies. The viewer wears active shutter 
eyewear that alternately blocks the view of each eye at the same frequency as the 
display. The synchronisation process is achieved using an infrared signal between 
the active eyewear and the display. McDougall et al (1996) investigated the impact 
of time-sequential stereoscopic displays for experienced urological and 
gynecological surgeons performing laparoscopic skills tasks (1). The tasks included 
laparoscopic dissection of blood vessels and complex suturing and knot tying 
tasks.  22 participants were included and task completion time was measured. 
Overall there was no significant difference in the performance outcome measures 
using stereoscopic projection. Furthermore participants reported blurred vision and 
fatigue when using the time sequential display. Participants in this study will have 
adapted to monocular cues to form spatiotemporal judgments when viewing two-
dimensional displays. The binocular disparity cues generated by the time 
sequential stereoscopic display did not improve participant performance in this 
study. 
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Using similar stereoscopic technology, Dion et al (1997) reported the outcomes of 
task completion times for surgeons and healthcare staff performing basic 
manipulation skills in a laparoscopic simulator and their subjective experience while 
performing the tasks (2). The authors noted that several kinematic parameters are 
modified when surgeons perform laparoscopic compared to open surgery. 
Reliance on monocular visual cues has been associated with increased latency 
prior to initiating movement and prolonged execution duration of visuomotor skills. 
Laboratory studies have identified altered acceleration and deceleration properties 
of visuomotor tasks completion in the absence of binocular cues. Time spent 
decelerating is longer when binocular cues are withdrawn during low-velocity 
movements as a target is approached (2). Dion et al (1997) concluded that 
adjustments in trajectory are necessary to compensate for an initial underestimate 
of object distance and that monocular cues used to generate distance estimates 
are inefficient compared to binocular cues. They conducted an experiment to 
investigate performance of a simple visuomotor task using a time-sequential 
stereoscopic display and a two-dimensional display. Participants demonstrated a 
non-significant reduction in performance time during task completion. Unwanted 
symptoms including dizziness and a dislike of the additional eyewear required to 
view the stereoscopic display were reported by participants. In addition the 
stereoendoscope used had a narrow field of view compared to the two-
dimensional endoscope (60° compared to 110°) necessitating an increased 
distance of the endoscope to the manipulation site. Consequently, a number of 
important image characteristics such as luminosity and object size were not 
standardized in the two experimental viewing conditions. The simple ‘grasp and 
replace’ task used in this study had not been previously validated and therefore 
may not have construct validity for use in this setting. 
 
Chapter 1 Introduction 
45 
Chan et al (1997) identified task completion time for 32 surgeons (11 laparoscopic 
and 21 non laparoscopic) during completion of a single repetition of a standardized 
series of skills tasks (3). The authrors randomized participants to perform the tasks 
in either stereoscopic followed by monoscopic mode or the reverse order to 
counteract a cross over effect on subsequent performance.  Participants were 
provided with an introductory task to familiarize themselves with the experimental 
set up and task requirements in a novel simulated setting prior to commencing the 
experiment. Mean time to complete the task using the monoscopic and 
stereoscopic modes were 659.1 and 638.2 s, respectively. Both laparoscopic and 
non-laparoscopic surgeon groups improved their performance time significantly 
during the second round of task completion (30% improvement, p=0.01 for 
monoscopic first, p=0.01 for stereosocpic first). However, there was no difference 
in the magnitude of the improvement when comparing the two groups (p=0.4). The 
reduction of performance time was attributed to the attainment of experience 
during the preceding session rather than the imaging method used.  
 
Two thirds of participants reported improvements in depth perception but 44% 
described a reduction in image quality overall and that the stereoscopic image was 
dimmer compared to the monoscopic image. Ten percent of participants reported 
unwanted visual symptoms including dizziness and eyestrain following viewing the 
stereoscopic display. This study was not robust as only a single task repetition was 
observed failing to consider the impact of heterogeneous performance exhibited 
during the learning curve for non-laparoscopic participants. 
 
The only randomized clinical trial reporting outcomes of intraoperative surgical 
performance using stereoscopic projection was reported by Hanna et al in 1998 (4). 
Four surgical trainees performed sixty laparoscopic cholecystectomies using a 
time-sequential stereoscopic display. Completion time and number of errors were 
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recorded. Prospective consecutive patients were considered for recruitment. 10 
patients were appropriately excluded due to previous surgery or cholecystitis. 60 
patients were randomized to have laparoscopic cholecystectomy performed using 
either stereoscopic of monoscopic modes. There was no difference in age, sex or 
operation difficulty (determined using a standardized grading system) within the 
two patient groups. Importantly, cholecystectomy was conducted using a 
standardized technique by all participant surgeons and for all patients recruited. 
The procedure was divided into 4 component tasks and execution times were 
recorded for component parts and summated. There was no significant difference 
in performance time for each component or for the entire procedure (3160 (IQR 
2735-4335) vs 3100 (2379-3710) s, p=0·2) or error rate (6 vs. 6) with either 
monoscopic or stereoscopic viewing mode during completion of laparoscopic 
cholecystectomy. A number of image characteristics were assessed following 
surgical performance using each viewing mode. There was a significant 
deterioration in perceived image sharpness, contrast and ghosting using the 
stereoscopic mode. However depth perception was significantly improved in 
stereoscopic performance. Reports of visual strain, headache, facial and physical 
discomfort were higher when participants performed stereoscopic laparoscopic 
cholecystectomy. This robust study design demonstrated no significant benefits to 
using time sequential stereoscopic projection despite perceived benefits in depth 
judgments compared to two-dimensional displays. The participants were 
experienced laparoscopic surgeons so it is unclear from this study whether novice 
participants may benefit significantly from the introduction of binocular cues while 
learning laparoscopic surgery.  
 
The study reported by Hanna et al (1998) concluded that stereoscopic projection 
would not provide significant benefits to experienced laparoscopic surgeons in its 
current format and level of image quality (4). Subsequently, Mueller et all (1999) 
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investigated the rate and accuracy of skills task performance for both experienced 
and novice laparoscopists using four laboratory skills tasks (5). There was no 
significant difference in rate or task accuracy for both experienced or novice 
participant’s using stereoscopic or two-dimensional projection. The time-sequential 
stereoscopic display reportedly had deleterious perceptual effects, generating 
unwanted visual symptoms and loss of concentration.  Failure to identify a 
significant benefit of time-sequential stereoscopic displays for novices in laboratory 
settings precluded progression to intraoperative evaluation of stereoscopic 
technology in the late 1990s. 
 
Jourdan et al (2004) investigated the impact of a next generation time-sequential 
stereoscopic display in association with a master slave tele-manipulator (12). 
Experienced minimally invasive surgeons performed complex tasks using a 
randomized cross over design to compare the two viewing methods. Performance 
data was observed during 10 repetitions of 5 skills. Data for the final 5 repetitions 
was analysed to evaluate proficiency and eliminate the learning curve. Participants 
viewed a high alternating frequency (100 Hz) display while wearing polarizing 
eyewear. Mean (s.e.m.) performance time for previously validated skills tasks were 
significantly improved when experienced surgeons used the stereoscopic display 
compared to the two-dimensional display (rope pass 112·8(4·2) and 97·0(3·7) s (p = 
0·013), paper cut 117·1(6·0) and 98·4(9·8) s (p = 0·020), needle capping 144·5(12·7) 
and 99·7(6·8) s (p = 0·008), knot tying 138·7(14·3) and 70·3(6·0) s (p = 0·002), and 
needle threading 210·8(28·2) and 92·3(4·1) s (p = 0·002). The mean (s.e.m.) number 
of number of errors was also significantly higher (60·6(7·8) and 20·8(3·9) under 
monoscopic and stereoscopic conditions respectively (p = 0·004). This study 
indicated that next generation time-sequential stereoscopic displays may improve 
surgical performance in association with telemanipulator systems in a similar 
manner to fixed binocular displays. Reasons for this may include the dependence 
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on visual cues required compared to conventional laparoscopy and improvements 
in the overall image quality. Participants agreed that the use of stereoscopic vision 
was advantageous and enhanced their performance. However the image quality 
was considered poor compared to the two-dimensional display and consequently 
surgeons expressed reluctance to use the stereoscopic display in clinical practice. 
This was the first robust study to demonstrate significance performance 
advantages of time-sequential stereosocopic projection for use in minimally 
invasive surgical skills.  
 
All studies evaluating active shutter systems reported adverse visual disturbance 
and additional adverse symptoms such as headaches and nausea. Common 
perceptual disturbance associated with the flickering screen was also noted among 
participants and image quality diminished associated with a reduction in luminosity 
due to the interposition of polarizing filters. The requirement for a direct infrared 
signal between the operating surgeon and the display associated with wearing 
active eyewear also limit their utility.  
 
Taken together these studies indicate that although early generation time-
sequential stereoscopic displays improved depth perception they had no 
significant impact on conventional laparosocpic surgical skill acquisition or 
performance in both simulated and clinical settings.  
 
Time-parallel (passive polarizing) stereoscopic displays 
Time-parallel stereoscopic displays control the emission of light from the display 
using polarising filters covering the display surface. Alternate pixel rows are 
generated from the left and right images simultaneously. Viewers wear lightweight 
circular polarising eyewear that corresponds to the filters on the display surface. 
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Each eye views alternate horizontal pixel rows of the respective left and right 
image. Thus although the vertical resolution of the image remains that of the 
projecting screen the horizontal resolution is halved. Lightweight polarising eyewear 
do not require an infrared link or power source. At the origin of this thesis there 
were no available time-parallel stereoscopic displays for use in minimally invasive 
surgical settings. 
 
Auto-stereoscopic displays 
This mechanism also separates the left and right images using elements 
incorporated within the display to direct separate images to each eye. Stereopsis is 
perceived without the requirement for polarising eyewear. Stereoscopic free 
viewing is achieved by using different techniques including parallax barrier and 
lenticular lens display systems to separate the two images. The narrow optimal 
viewing angle available to perceive a stereoscopic image significantly limits their 
application for minimally invasive surgery. Mueller-Richter (2003) investigated the 
impact of auto-stereoscopic and time-sequential stereoscopic displays on 59 
medical students (with no previous minimally invasive surgical experience) 
performance of laboratory based skills tasks (7). The autostereoscopic display used 
in their experiment was one of the first prototypes to be investigated in the context 
of minimally invasive surgery. Two prism masks present two separate half-pictures 
of an object separately to each eye. The disparate images are used obtain a 
binocular view of an object. A head/eye-tracker unit is used to detect and track the 
observer’s pupil. This information is used to manipulate the position of prism 
masks to maintain the correct spatial position of the viewed object. There was no 
difference in stereoacuity of the participants in each group. The participants using a 
single viewing mode each performed three non-validated execution tasks. This 
methodology is not very robust as the distribution of high to low performing 
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participants may not be uniform within each of the experimental groups, generating 
a potential source of bias. A preferred approach would involve each participant 
acting as their own control and performing the tasks using each imaging modality 
in a randomized viewing sequence. This approach may not have necessarily 
required an increase in participant numbers or observations. A pre-trial power 
calculation to identify a suitable sample size required to detect a significant 
difference in task completion time could have been calculated based on outcomes 
of previous studies described above. The authors report no significant difference in 
performance time with either viewing mode. However, significant flickering was 
associated with using both the time-sequential stereoscopic and auto-stereoscopic 
displays. The use of an the auto-stereoscopic prototype display required direct line 
of sight between the eye tracker and the prism units to modify light emission 
relative to the viewers position. This feature would have hindered its utility in an 
operating theatre environment in a similar manner to the time-sequential 
stereoscopic displays.  
 
Since the early 1990’s, several studies have investigated the impact of 
stereoscopic displays for minimally invasive surgery. Early studies indicated mixed 
results (1-4,7,48-50,52-58). However, many of these studies enrolled an insufficient number 
of participants and failed to differentiate the participants pre-existing skill level. It 
might be expected that more experienced surgeons will have spent time adapting 
to monocular cues and therefore the benefits of introducing disparity cues may be 
less obvious compared to novices. Perhaps most importantly, these studies utilised 
early stereoscopic projection systems that suffered from poor quality in terms of 
display resolution, flicker and use of non-ergonomic head mounted displays (59). 
More recent studies report a subjective increased perception of depth and 
improvements in precision performance of minimally invasive surgical skills when 
experienced and novice surgeons used stereoscopic displays (8,9,11,12,39,40,60,61-63). 
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Despite generating performance advantages, the use of stereoendoscopes for 
minimally invasive surgery has been limited by poor tolerance of the available 
projection systems. Only robotic tele-manipulator systems have overcome the 
problem by using a fixed console binocular display. Time-parallel stereoscopic 
displays might overcome the limitations of head mounted displays or time-
sequential stereoscopic displays and provide a viable option for standard 
laparoscopic (non-robotic) surgery.  
 
The purpose of this research is to provide the first evidence about this new 
technology. What will its impact be on surgical performance? How will its use 
influence ocular and perceptual performance of the surgeon and what visual 
symptoms might it produce?   
Chapter 2 
 
Ocular dynamics and visual fatigue 
using stereoscopic displays 
 
 
Aim	  
This section describes the processes required to achieve clear binocular vision 
when viewing stereoscopic images. The potential origins and measurement tools of 
visual fatigue are discussed.  
Origins of visual fatigue	  
Understanding the origins of visual fatigue became important following reports of 
adverse visual symptoms associated with visual display units (64). Visual fatigue or 
‘asthenopia’ (meaning eye without strength) (65) represents a heterogenous group of 
symptoms (66) with multiple causative factors (67). It is the consequence of 
physiological strain due to continued ineffective adjustments of the visual system. 
Visual discomfort describes the associated subjective experience (20). Assessment 
of visual fatigue requires objective measurements of oculomotor function. 
Perception of stereoscopic stimuli is more complex than interpretation of 
monocular cues alone and studies have demonstrated increased subjective ratings 
of visual fatigue when surgeons view stereoscopic displays compared to 
monoscopic displays (1-7,61,68).  
 
In real world viewing the ocular triad coordinates accommodation, convergence 
and pupil diameter to achieve foveal fixation as the point of regard changes. When 
viewing stereoscopic displays the accommodation distance to the display remains 
fixed. During fixation, disparity error stimulates vergence in an attempt to align the 
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separate left and right images. The vergence magnitude depends upon image 
disparity. Fixation points with uncrossed disparity appear behind the screen and 
fixation points with crossed disparity appear in front of the screen (Figure 2.1). 
Uncrossed disparities are resolved with divergent movements from the fixed 
accommodation (screen distance) stimulus and crossed disparities are resolved 
with convergent movements for the fixed accommodative stimulus (69). 
Consequently, vergence movements are disproportionate to the accommodation 
stimulus and the accommodative convergence control system is physiologically 
decoupled.  
 
Figure 2.1 Vergence responses while viewing stereoscopic displays. 
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The effect of disparity stimuli on the visual system has been investigated using a 
range of stereoscopic stimuli, projection systems and rating scales. These include 
simple static targets, random dot stereograms through to complex stereoscopic 
motion sequences. Objective methods to assess visual fatigue include optometric 
measurements and autorefractive measurement of accommodative dynamic 
function. More recently there is evidence to suggest that changes in 
electroencephalography (EEG) (70) and functional magnetic resonance imaging (MRI) 
(71-72) can be of use. Optometric tests are observer dependent and MRI and EEG are 
expensive and time consuming. Autorefraction is a widely accepted and validated 
measure of accommodative dysfunction associated with viewing stereoscopic 
stimuli and is used in an experiment described in Chapter 5. 
 
Objective measurement of accommodation using 
autorefraction 
 
 Autorefractive photoretinscopy is the process of objectively measuring 
accommodation responses remotely and simultaneously from each eye (73). The 
method of photorefraction originated from an optical scheme for secret 
communication across the Berlin Wall following its construction in 1961(74). It has 
been widely used in the physiological evaluation of oculomotor dynamics (75-80). The 
technique is also used for clinical assessment of refractive errors and screening for 
developmental anomalies. Typically subjects fixate on a static target of varying 
distances while information regarding the refractive properties of the ocular lens is 
obtained. Dynamic properties of the ocular triad can be evaluated when subjects 
change fixation from near to far targets of varying accommodative demand. 
Accommodative dynamic characteristics include amplitude, peak velocity, time to 
peak velocity, peak acceleration and accommodative microfluctuations. 
Accommodative microfluctuation represents the activity state of the lens as an 
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indirect representation of the activity state of the ciliary muscle. Increase in high 
frequency components of accommodative fluctuation during fixation have been 
used as a measure of visual fatigue during a fixation. Elevated accommodative 
microfluctuation is associated with changes in accommodative fixation failures e.g. 
overcorrection. 
 
Autorefraction has been used to investigate ocular triad dynamic responses to 
static image properties such as blur and disparity and to characterise vergence-
accommodation interactions. Dynamic responses during step changes in 
accommodative demand before and after stereoscopic viewing are validated 
indicators of fatigue (81).  
 
Subjective measurement of visual function 
 
Subjective reports of visual discomfort have been investigated using a large 
number of different rating scales and questionnaires. However, obtaining reliable 
comparative data to evaluate stereoscopic displays is complicated by variation in 
test conditions. Most studies use a comparison of rater scores completed before 
and after viewing stereoscopic motion sequences (66). Some studies utilise real time 
continuous evaluation during viewing whereby visual comfort scores can be 
correlated to image analysis data within the sequence e.g. the magnitude of 
disparity or presence of excessive motion (82). Although subjective image quality 
assessment is an essential component of stereoscopic displays evaluation, there is 
no universally accepted data collection tool.  
Accommodation responses to static stereoscopic stimuli 
Several studies have investigated the effect of stereoscopic viewing on 
accommodative responses. Ukai et al (2002) compared ocular triad responses to 
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conflicting accommodation and convergence cues (75). Subject responses to 
fixating on targets with graded horizontal disparities at fixed distances were 
recorded. Disparity was generated using an image splitter method. As the disparity 
of the target changed they observed significant increases in baseline 
accommodation fluctuations and accommodative lag during change of fixation 
when participants viewed stereoscopic images. Torii et al (2008) also confirmed the 
presence of individual differences in accommodation response to stereoscopic 
stimuli (83). The authors observed variable accommodative oscillations indicating 
fusion failure when viewing disparate images. Accommodation overshoot was 
observed when participants viewed conflicting vergence and accommodation 
stimuli. These findings have been replicated by several other studies demonstrating 
that unstable accommodative responses are related to the increased oculomotor 
stress required to fuse binocular images with conflicting accommodative and 
convergence cues (81,84-86).  
Accommodation and vergence interactions resulting from 
stereoscopic stimuli 
 
Okada et al (2006) described accommodative overshoot while viewing targets with 
conflicting vergence and accommodative cues (87). They presented targets with 
different degrees of gaussian blur with equal or conflicting vergence and 
accommodative cues. Participants found that stereoscopic targets with increased 
blur were easier to fuse and demonstrated a concomitant reduction in 
accommodative overshoot. This finding is explained by convergence driven 
accommodation toward the screen being counteracted by defocus driven 
accommodation away from the screen.  The authors conclude that the introduction 
of persistent target blur prevents attempts to accommodate and achieve sharp 
retinal focus of the target, as sharp foveal fixation is not possible. Consequently 
there is a reduction in defocus driven accommodation in the presence of target 
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blur. These important findings have implications for the development of 
stereoscopic displays. High definition and high contrast displays may theoretically 
increase conflict between the convergence-induced accommodation and promote 
defocus driven accommodation (88). 
Fukushima et al (2009) investigated the relationships between CA/C and AC/A 
ratios when we view stereoscopic images (89). They compared the accommodative 
response differential (the difference between the initial response and the 
subsequent mean steady-state response) for subjects viewing balanced vergence 
and focus stimuli and unbalanced vergence and focus stimuli. They concluded that 
the disparity of the image generates convergence-driven accommodation. 
Convergence responses initiate accommodative overshoot and transient defocus, 
which subsequently returns to baseline. The degree of accommodative-
convergence conflict whereby binocular fusion is maintained is referred to as the 
zone of clear single binocular vision. As the conflict magnitude increases, 
accommodation and vergence movements are insufficient to maintain binocular 
fusion resulting in Image blur and double vision (90).  
The above studies have investigated the relationship between accommodation and 
convergence responses to static disparity stimuli with conflicting accommodative 
stimuli. Taken together they demonstrate that stereoscopic stimuli induce changes 
in accommodative and convergence responses when subjects fixate on defined 
targets with horizontal disparity. Abnormal viewing conditions stress the ocular 
muscles and extended viewing of conflicting accommodative and vergence stimuli 
results in visual fatigue while viewing stereoscopic displays (81). 
Accommodative responses to viewing complex stereoscopic motion sequences 
have also been investigated. These sequences contain temporal and regional 
fluctuations in disparity magnitude. Different regions of the display will project 
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different binocular disparity cues but it has been difficult to determine which 
regions the viewer fixates (85). In some studies, the limits of binocular parallax have 
been described (91) but  it has been difficult to quantify the binocular parallax load 
that viewers perceive as the parallax distribution throughout the scene over time is 
very complex to measure (92).  
Emoto et al (2005) controlled the binocular parallax of the entire scene using prisms 
to generate a stereoscopic view (85). Stereoscopic stimuli with varying degrees of 
vergence were delivered via a prism stereoscope. Viewer fusion effort was then 
measured. During the experiment subjects viewed a 60-minute movie through 
orthogonally orientated polarising filters. In a separate session, the program was 
viewed through prisms and polarizing filters of identical orientation. 
Accommodation responses following viewing were measured using an 
autorefractor while subjects fixated on a 0 dioptre target for 5 seconds before 
changing fixation to a 5 dioptre target for 5 seconds. 5 readings were recorded. A 
significant reduction in accommodation was observed after viewing the 60-minute 
motion sequence. The authors concluded that not only excessive binocular parallax 
but the presence of discontinuous changes in parallax causes visual fatigue. 
Because the study only assessed a single change in disparity over the entire visual 
scene its application is limited as the visual cues are not representative of 
conventional stereoscopic displays where items within the scene contain varying 
disparities (84).  
Mizushina et al (2009) investigated changes in simultaneous measurements of 
accommodation and vergence during real world viewing of a stereoscopic target 
compared to its two-dimensional pictorial representation (93). The real 3D target was 
a maltese cross placed at distances corresponding to 1.67, 1.43, 1.25, 1.11 or 1.00 
diopter. The visual angles of the target were 4.76 degrees at 60 cm and 2.86 
degrees at 100 cm. Steady state accommodation for 1s, vergence and AC/A were 
Chapter 2 Introduction 
59 
measured for the above accommodative demands. The results showed that 
vergence and accommodation changed with target distance during the real world 
viewing, but not with two-dimensional viewing (which contained only pictorial depth 
cues).  
Iwasaki et al (2002) found differences in the time to achieve a steady state 
accommodative response when changing fixation between targets placed at 3 
dioptres to 5 dioptres following viewing 10 minutes of stereoscopic images using a 
stereoscopic time sequential display at different viewing distances (94). A delay in 
the accommodation response was shown with increasing viewing distance from 
the accommodative resting position. They concluded that viewing distances 
exceeding the accommodative resting position would generate the greatest 
accommodative dynamics abnormalities. This study highlights the importance of 
maintaining an optimal viewing distance during stereoscopic minimally invasive 
surgery.  
Yano et al (2004) identified increased visual fatigue if static stereoscopic images 
are displayed outside the depth of focus range defined by the zone of clear 
binocular vision (84). They also noted that stereoscopic motion cues viewed outside 
the depth of focus generated increased levels of visual fatigue. Accommodation 
abnormalities were observed if target disparities exceeded 1° of visual angle. A 
0.23 dioptre excessive accommodative response and was induced in the case of a 
1° visual angle target disparity. These studies have been used to recommend 
disparity magnitudes and viewing distances for stereoscopic content and 1.0° 
visual angle is the accepted limit that will not induce visual fatigue while viewing 
stereoscopic displays (95).  
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Accommodative dynamic changes induced by stereoscopic 
motion sequences 
 
The earliest study describing changes in the accommodation response after 
viewing stereoscopic motion stimuli was reported by Inoue et al (1997) (96). The 
accommodative response time of 3 subjects changing fixation from far to near 
targets was measured 5 times before and after viewing 10 minutes of stereoscopic 
content using a time-sequential stereoscopic display with a low refresh rate of 
60Hz. A delay in mean accommodative response occurred following stereoscopic 
viewing which increased from 1.1 secs to 1.55 secs. One subject demonstrated a 
50% lag in accommodation response (2.5 seconds) and failed to achieve a tonic 
state of accommodation during attempted target fixation following stereoscopic 
viewing. Suzuki et al (2004) performed additional studies investigating the effect of 
viewing stereoscopic motion images. The authors measured accommodative 
responses of 10 subjects following up to 30 minutes viewing of stereoscopic 
images using an auto-stereoscopic display (97). The accommodative response was 
repeatedly measured at 30-minute intervals until recovery to 90% of the value prior 
to viewing the stereoscopic motion images. The accommodative response took up 
to 90 minutes to recover from the initial significant decreases observed following 
stereoscopic viewing.  
Together these studies have illustrated that conflicting accommodation and 
convergence stimuli significantly alters accommodative dynamics measured using 
autorefractive techniques. These abnormalities are present while viewing static and 
dynamic stereoscopic images. Quantification of accommodative dynamic 
abnormalities that persist following stereoscopic viewing can be used to indicate 
the magnitude of disparity predictive of visual fatigue and the tolerance of 
stereoscopic displays (98). 
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Maeda et al (2001) measured accommodative micro-fluctuation following viewing 
of a time sequential stereoscopic high frequency (120Hz) high definition display (99). 
21 adults viewed a 90 minute motion sequence in stereoscopic followed by 
monoscopic mode at a distance of 2m. The crossed disparity for the parallax 
prepared in the stereoscopic images was within 3° visual angle, and the uncrossed 
parallax was within 1° visual angle. Accommodative microfluctuation analysis and 
pre- and post-viewing subjective reports of visual fatigue were measured. 
Accommodative microfluctuation components were calculated for step-wise 
fixations of accommodative demand at 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 dioptres. 
Each fixation image was displayed for 10 seconds. A 5-point Likhert scale 
questionnaire evaluating 25 items relating to symptoms of visual fatigue was 
completed. The authors found no significant difference in high-frequency 
microfluctuation analysis or subjective fatigue scores from the participants 
following 90 minutes viewing in stereoscopic and monoscopic mode.  
This is one of the first studies investigating viewer tolerance limits of a next 
generation high-frequency multi-viewer stereoscopic display. In contrast to 
previous studies it suggests that viewing disparity magnitudes in excess of 1° 
visual angle may not induce objective accommodative dynamic abnormalities. It 
also suggests that viewing time sequential stereoscopic displays with higher 
refresh rates (120Hz) may have no detrimental effect on accommodative dynamics 
or visual tolerance. The results from this study highlight the need to evaluate the 
tolerance of modern stereoscopic projection options for minimally invasive surgery. 
Stereoscopic distortions and binocular asymmetry 
Stereoscopic displays can generate imperfect viewing conditions due to binocular 
asymmetry in addition to conflicting accommodation and convergence stimuli. The 
human binocular vision apparatus is aligned and separated horizontally and viewers 
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poorly tolerate misalignment of stereo pairs (100). Kooi et al (2004) evaluated 
perceived image quality of manipulated motion sequences viewed by 24 
participants. Manipulations included stereoscopic distortions, alignment shifts, 
cross talk and image filter adjustments. Asymmetrical features such as rotation and 
crosstalk reduced subjective quality assessment scores. Crosstalk occurs if part of 
the image to be viewed by one eye is also seen by the other. It may occur with 
polarising displays and produces double contours (ghosting) of the images (101). 
Maintaining accurate alignment of light propagating lens systems in dual channel 
stereoendoscopes is essential to achieve an optimal stereoscopic image. 
Abnormalities with lens misalignment, axial shift or lens rotation will generate image 
distortion by changing the optical geometric alignment of stereopairs. 
Stereoendoscope optical configuration abnormalities can occur during transport or 
sterilization procedures necessitating adherence to careful autoclaving techniques.  
Additionally, photometric characteristics of left and right images may differ by 
luminance, colour, sharpness and contrast. Pseudoscopic error occurs when the 
right and left eyes images have been reversed. Turning polarising glasses upside 
down and observing improvements in the stereoimage can identify the presence of 
psuedoscopic error. Most displays have the option of inverting the order of the left 
and right images to correct for pseudoscopic error, which if recognised is not a 
significant issue. 
 
Chapter 3  
 
Attention and stereoscopic stimuli 
 
Aim	  
The transition from open to two-dimensional minimally invasive surgery was 
associated with a rise in the incidence of major bile duct injuries during the 1980’s. 
Alteration of the perceptual visual cues used during surgery lead to the 
misidentification of anatomical structures and was a significant contributing factor 
to these injuries (102). A surgeon’s accuracy for object recognition, spatial 
relationship judgements and psychomotor performance are influenced by stimuli 
perceived from the display. The use of stereoscopic displays changes these visual 
cues for a minimally invasive surgeon. This chapter reviews the prevailing theories 
of how we identify important objects in our world and disregard others. An 
overview of visual search methodology that informs our understanding of attention 
deployment is described and implications for minimally invasive surgeons are 
discussed.  
 
Visual attention processes 
‘Everyone knows what attention is. It is the taking possession by the mind, in clear 
and vivid form, of one out of what seem several simultaneously possible objects or 
trains of thought. Focalization, concentration, of consciousness are of its essence. It 
implies withdrawal from some things in order to deal effectively with others’ 
—James (1981) (103). 
 
Over 126 million photoreceptors in each eye detect between 108-109 bits of data 
each second (104). We cannot efficiently process all this information from our entire 
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visual field (105). Consequently, only a small proportion of the information detected is 
consciously observed or recalled (106). The highest resolution is achieved in the 
central fovea and a large amount of research has focused on investigating how 
humans identify relevant visual information and direct foveal gaze. This perceptual 
filtering process is termed visual attention. Attention is a concept that incorporates 
all factors that influence selection mechanisms, whether they are driven by 
automatic bottom-up or intention-driven top-down processes (104). The visual 
attention system has the following components (106) : 
 
• The selection of a region of interest in the visual field;  
• The selection of feature dimensions and their value of interest;  
• The control of information flow through the network of neurons that constitutes 
the visual system; and  
• The shifting from one selected region to the next in time  
 
Visual attention research is applicable to many industrial applications e.g food 
labeling (107), road safety (108), medical image interpretation (109,110), media 
advertisements and website design (111). Visual attention performance is also used 
in functional assessment e.g. to determine the suitability of drivers of increasing 
age (112) and assessment of fatigue in air-pilots (113). More recently eye tracking has 
been used to establish attention strategies used to counteract disorientation during 
minimally invasive surgery (114-117). 
 
Visual Salience 
Salience refers to a property of an item or object that makes it stand out from its 
surroundings. Salient items attract our attention in a non-volitional manner (118). 
Saliency is usually associated with bottom-up low-level features of the scene, while 
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modulation of attention deployment is generally referred to in the context of top-
down control of visual processing (119). Understanding salience has been achieved 
by extensive evaluation of psychophysical performance during visual search. 
 
Objective measurement of attention using visual search 
tasks 
 
During visual search tasks participants are presented with a display containing a 
unique target among a varying number of distractor objects e.g. a red line among 
several green lines (Figure 3.1). The time taken to determine the presence or 
absence of the target is recorded as the response time. The number of objects 
within the visual search scene is referred to as the set size. The response time:set 
size ratio can be used as a measure of search efficiency.  
 
 
 
 
 
 
 
Figure 3.1 An example of an efficient single feature parallel visual search. The single colour 
and orientation target features are distinct from the surrounding distractors. 
 
Adjusting individual target features and the ratio of target objects to distractors for 
each search yields information regarding how attention is deployed within different 
viewing environments. The observed characteristics of visual search have been 
used to generate cognitive theories and models regarding the mechanisms of 
attentional deployment.  
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The earliest experiments to investigate attention established the psychophysical 
behaviour of participants performing visual search tasks. This work indicated that 
despite an increase in distractor to target ratio the response time remains 
unchanged for simple single feature searches (120). In this scenario objects in the 
search array are searched in parallel, irrespective of the ratio of targets to 
distractors. The distinct target ‘pops out’ as it is conspicuous relative to the 
surrounding distractors. As the number of target feature attributes and complexity 
of the targets increases a serial visual search is conducted whereby objects are 
attended to by saccadic gaze shifts until the target is confirmed as present or 
absent. This is termed a conjunction search. Serial searches are less efficient, take 
longer to achieve and utilise greater attention resources. This observation formed 
the basis for the Feature Integration Theory proposed by Treisman et al in 1980 (121) 
which states that isolated object characteristics are automatically recognised as 
visually salient e.g. distinctive colour or orientation. The rapidity by which single 
distinct features can be identified implied that they were pre-attentively processed 
and that our visual system is automatically pre-programmed to detect certain 
features in the environment without consciously directing gaze. The Feature 
Integration Theory described a two-stage process of visual attention whereby an 
efficient pre-attentive phase is followed by an attentive phase for more complex 
target identification. The attentive phase is required for recognition of feature 
combinations and to confidently achieve target identification. ‘Pre-attentive 
processing occurs in parallel whereas attentive processing consumes attention 
resources by deploying attention to a particular location (122). 
 
These early insights to the process of visual attention have been extensively 
studied resulting in modification of the original theories proposed by Treismann et 
al (1980) (121). As data sets characterising visual search expanded it became evident 
that some conjunction searches can be conducted efficiently (123-126). The Guided 
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Search Theory proposed by Wolfe et al (2004) expanded the Feature Integration 
Theory to describe visual properties that direct the deployment of attention as 
guiding attributes (127). The Guided Search Theory proposes that each guiding 
attribute can be processed simultaneously. Attention is then deployed to objects 
containing these features. The contribution of a guiding attribute is determined by 
how conspicuous or salient it is relative to the surrounds. Saliency is weighted for 
each object and averaged across the visual scene to predict the likelihood of 
fixation. There are limited number of proposed guiding attributes that contribute to 
attention deployment during visual search (128). These are illustrated in Figures 3.2a 
and 3.2b below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2a Guiding attributes for visual search (128). 
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Figure 3.2b Guiding attributes for visual search (109) (128). 
 
Predicting attributes that draw attention 
Attention models aim to predict the function of the early human visual system to 
identify behaviourally relevant image features that will influence attention (104). 
Computational models of visual attention analyse the image and predict the 
viewer’s areas of interest within the scene (105). Models used to predict top-down 
deployment of attention are less well understood as they require integration of 
multiple task and situation specific higher-level processes. A saliency map is a 
topographic illustration integrating the attentive properties that low-level features 
make to the bottom-up guidance of attention deployment and was first produced 
by Itti and Kock in 1998 (129) (Figure 3.3). Within this model the visual features are 
delineated into topographic representations such as colour, intensity and 
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orientation. Different spatial locations compete for saliency within each feature map 
and locations that are conspicuous relative to their surroundings persist. All feature 
maps are then combined to generate a saliency map for the entire scene. The 
saliency map represents every location in the visual field that will draw attention. 
 
Since the original work by Itti and Kock (129), approximately 50 salience models and 
10 top-down general attention models have been described. It is accepted that the 
models may not be an exact representation of low-level vision in everyday lives. 
Instead they are based on an accumulation of low-level vision data from visual 
search conducted during relatively simplistic visual scenes. These scenes differ 
from complex feature rich environments and presently it is not known how scenes 
are divided up into searchable objects by the visual system (130). In particular, there 
is no data to illustrate how salient features in the operative field influence attention 
deployment during minimally invasive surgery. 
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Figure 3.3 The saliency map proposed by Itti and Kock. In this model the visual stimulus is 
delineated into topographic feature maps (colour, intensity and orientation). Different spatial 
locations compete for saliency within each feature map. Locations which are conspicuous 
relative to their surrounds persist. All feature maps are then combined to generate a saliency 
map for the entire scene. The saliency map represents every location in the visual field that 
will guide the selection of attended locations, based on the spatial distribution of scene 
saliency (129). 
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Visual search performance in stereoscopic conditions 
Scanning different depth planes causes repeated changes in vergence and 
accommodation. Identifying the distribution of attention deployment in 
stereoscopic scenes would enhance attention models and our understanding of 
how the consumption of attention resources contributes to fatigue associated with 
viewing stereoscopic displays. The extent to which image disparity of stereoscopic 
stimuli modulates attention deployment and gaze distribution is important and may 
partly explain the origins of visual fatigue experienced by operating surgeons. 
Understanding the relationship of gaze distribution to the magnitude of disparity 
may also help guide surgeons towards strategies to prevent visual fatigue during 
prolonged stereoscopic procedures.  
 
Data from single feature and conjunction searches have informed understanding of 
how attention is modified by perception of stereoscopic stimuli. The first study to 
examine the contribution of stereoscopic disparity to visual search behaviour was 
conducted by Nakayama et al (1986) (80). Two participants performed a single 
feature or a conjunction search combining stereo disparity with either colour or 
motion. Reaction times using set sizes 15, 25 and 35 items were obtained. Targets 
were either at the fixation plane or in front of the screen with crossed disparity. The 
single feature search times remained constant as set size increased indicating that 
the search was conducted in parallel and pre-attentively processed just as had 
been previously found in real world search tasks. 
 
The conjunction search of motion and colour demonstrated increasing search 
times with increasing set size indicating a serial search strategy was utilised. 
Interestingly, the results of stereoscopic conjunction searches (stereoscopic 
disparity with colour and stereoscopic disparity with motion) yielded search times 
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similar to the respective single feature monocular searches. Search times remained 
similar with increasing set size indicating that conjunction searches with 
stereoscopic disparity are pre-attentive. The authors concluded that the visual 
system performs a parallel search in one depth plane without interference from 
distractors in another depth plane. Different depth planes are searched in parallel 
simultaneously and pre-attentively. Stereoscopic disparity is proposed to act as a 
priority feature during visual search. The disparity magnitude was not quantified in 
this study and the methodology is not robust as only two observers participated. 
Despite these limitations the findings promoted additional interest regarding the 
importance of psychophysical properties of binocular disparity for visual attention.  
 
Holliday (1991) proposed further confirmation that stereoscopic disparity evokes 
unique visual search behavior (131). Targets were parallelograms with unique 
horizontal slants presented using a stereoscope. The targets appeared to slant 
towards or away from the viewer in a different direction to all of the distractors. Set 
sizes of 3, 5 and 9 were presented randomly in 3 blocks of 200 trials for each of the 
6 participants. Overall their results demonstrated that stereoscopic disparity and 
object slant conjunction search was conducted in parallel. They concluded that the 
disparity gradient is explicitly represented in the visual system and thus produces 
its own feature map.  
 
Understanding how attention is deployed in depth has been limited by the 
accuracy with which stereoscopic projection is able to reproduce stereoscopic 
scenes. None of the earliest projection mechanisms achieved a faithful 
representation of how our eyes regard objects at depth. This may explain why the 
influence of disparity cues on visual attention has previously received far less 
interest than other properties of low-level visual features.  
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Theeuwes et al, (1998) used a multi-plane stereoscopic monitor to project visual 
search scenes (132). The authors identified that non-target distractors placed in front 
or behind the screen significantly increased the search duration required to identify 
the target. This finding was observed despite the visual cue being presented on the 
fixation plane immediately prior to the search. They concluded that visual stimuli 
from non-attended depth planes could influence attention deployment. As the 
separation between depth planes for target and distractor locations is reduced it is 
proposed that information in the distractor plane may intrude on the target plane 
and conversely that as disparity increases the intrusion is less significant (133). 
 
DeLaRosa et al, (2008) investigated how the magnitude of binocular disparity 
influenced visual search (134). They observed that a rapid search only occurs with 
disparities greater than 6 minutes of arc. The response time:set size ratio increased 
for lower disparities. They concluded that the search behaviour proposed by 
Nakayama and Silverman (1986) (80) is only relevant for large disparities that exceed 
the stereo threshold of most individuals. When the level of disparity is reduced but 
still permits separation of two planes, there is intrusion of information from one 
plane onto another and observers performed a detailed inefficient search strategy.  
 
These early studies have attempted to identify the psychophysical properties of 
disparity stimuli. They used artificially generated stereoscopic targets that are 
dissimilar to real life binocular stimuli (131,135-138). The salient features of real world 
stereoscopic targets may generate different visual search behaviour. Taken 
together these studies indicate that the magnitude of binocular disparity is 
important in the deployment of attention but the mechanisms remain poorly 
understood.  
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Attention deployment in complex stereoscopic scenes 
Growing popularity of 3D cinematic and home entertainment systems has 
motivated researchers to understand how attention is deployed when viewing 
complex stereoscopic motion scenes. Content developers aim to determine factors 
that will improve the perceptual experience for the end user.  
 
Häkkinen et al (2011) studied the gaze paths of viewers watching stereoscopic 
movie scenes (139). 20 participants observed six minute high definition video clips in 
monoscopic and stereoscopic modes using a time parallel stereoscopic display. 
The 4 scenes selected for analysis included foreground structures and actors 
faces. Areas of interest were labeled and eye movement data was analysed for 
each. The total number of fixations in the stereoscopic mode was significantly 
higher compared to monoscopic mode (412 vs. 350, p<0.05), particularly for 
scenes with structural foreground objects (169 vs. 121, p=<0.01). Within the region 
of interest the participant’s fixations were directed towards foreground structures 
rather than the actors faces in stereoscopic compared to monoscopic scenes. The 
authors conclude that visual attention behaviour is significantly different for 
monoscopic and stereoscopic complex visual scenes. Viewers performed 
exploratory visual search patterns in complex stereoscopic scenes and it is 
suggested that gaze path was influenced by bottom-up low-level cues and top-
down intention driven behavior but the relative contribution and salience of 
disparity cues remains unknown (140).  
  
Salient foreground distractors may guide attention from other regions of the 
display. Depending on the task, distraction towards disparity regions may lead to 
perceptual misinterpretation and error judgments. Over extended viewing, 
cumulative changes in attention deployment through different depth planes may 
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increase cognitive load and contribute to visual fatigue. These are particularly 
important considerations where the end user views are complex feature rich scenes 
such as minimally invasive surgery. 
 
Jansen et al (2009) evaluated fixation and saccade activity on free viewing of 
natural scenes (141). Close foreground locations were fixated quicker than far 
objects. In natural viewing, foreground objects in front of the horopter appear 
blurred. Regional object blur can be deliberately generated in 2D movies to guide 
attention towards sharply focused, relevant aspects of the scene. Foreground 
objects in stereoscopic displays will have different blur characteristics compared to 
natural viewing. The impact of defocused foreground objects on visual search 
patterns for viewers watching stereoscopic movies has been investigated (105). The 
authors compared eye-tracking data for 24 participants viewing two 16-second 
motion sequences. A foreground object was inserted with adjustments of blur and 
disparity before the sequence was viewed in monoscopic and stereoscopic modes. 
When the inserted foreground object was in focus, it attracted more fixations than 
when the foreground object was out of focus. This is the first study to suggest that 
attention deployment while viewing complex stereoscopic scenes may be 
influenced by the apparent focus of a distractor feature. In stereoscopic surgery the 
important elements are usually situated at the fixation plane with instrument shafts 
appearing from the foreground and periphery of the visual scene. This situation 
arises due to the origin of port insertion facilitating ergonomic triangulation and the 
data above suggest that instrument insertion and foreground structures may 
modify attention deployment during stereoscopic surgery. 
 
HuynhThu et al (2011) performed gaze analysis for participants observing a series 
of stereoscopic and monoscopic complex motion sequences (142). Saccades were 
overall faster and fixation durations were lower when observers viewed the 
Chapter 3 Introduction 
76 
stereoscopic version of the sequences. Sequences with increased motion did not 
appear to elicit differences between monoscopic and stereoscopic viewing. 
Instead, participants demonstrated central clustering effects of eye movement 
behaviour. When sequences with minimal motion were viewed participants 
demonstrated an increased number of fixations in stereoscopic compared to 
monoscopic mode as they explored the images. The saliency of disparity and 
motion combined as an object moves through different depth planes has not been 
reported. It is possible that as the magnitude of disparity velocity reaches a certain 
level there is a preferential avoidance of fixation to diminish visual stress.  
 
These above studies have been conducted using different viewing conditions, 
projection mechanisms, and stereoscopic content. However, they suggest that 
attention deployment is altered during stereoscopic viewing compared to 
monoscopic viewing (142). 
 
Visual function and implications for stereoscopic minimally 
invasive surgery 
 
 
Bando et al (2011) summarised four important considerations to help prevent visual 
fatigue induced by stereoscopic images (88). Stereoscopic projection should; 
 
• Accurately align separate left and right images; 
• Avoid excessive conflict between accommodation and vergence demands; 
• Avoid rapid changes in binocular parallax for points of interest and intended 
fixation and; 
• Be viewed at an appropriate distance between the display and the viewer. 
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Avoidance of stereoscopic distortions is necessary to optimise image quality and 
minimise visual fatigue. At present, dual channel stereoendoscopes are used to 
obtain separate left and right images of the operative field and meticulous handling 
is a perquisite to eliminate geometric distortions originating from optical channel 
misalignment.  
 
The presentation of simple binocular images through to complex stereoscopic 
motion sequences is associated with accommodative and convergence conflicts. 
The literature presented indicates that repeated fixation on regions containing 
excessive disparity may contribute to visual fatigue and that fatigue will be 
minimised if the horizontal disparity does not exceed 1° of visual angle. There are 
no studies to indicate the range of disparity cues that are viewed during 
stereoscopic surgery and whether disparity gradients exceed these 
recommendations.  
 
Robotic surgeons using stable fixed consoles can manually adjust the inter-axial 
and focal distance to achieve a comfortable stereoimage. This helps ensures that 
the disparity of the fixation point is optimised for their point of regard. During non-
robotic stereoscopic minimally invasive surgery a cameraperson controls the 
stereoendoscope. The cameraperson anticipates the surgeons visuospatial 
movements and temporally adjusts the stereoendoscope position aiming to 
capture their region of interest. The location and disparity of the anticipated focal 
point may be different to the surgeon’s and generate a source of visual fatigue. 
 
In the entertainment industry, non-live stereoscopic content is post processed to 
optimise disparity and viewer comfort whereas stereoscopic minimally invasive 
surgery is projected in real time. Modifying perceptual stimuli by the addition of 
stereoscopic cues may modify attention deployment and cognitive demands.  
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Further work is required to establish how viewing stereoscopic projection 
influences visual perception and whether significant levels of visual fatigue are 
induced. This information is will be important to promote ergonomic viewing 
conditions for surgeons using stereoscopic displays. 
 
Chapter 4 
 
Evaluation of minimally invasive 
surgical skills performance using 
time-parallel stereoscopic displays 
 
Experiment 1 - Novice Surgeons 
 
Introduction 
In 2009, senior surgeons and researchers at the Minimal Access Therapy Training 
unit became aware of technological advances in stereoscopic projection within the 
entertainment industry. A research trip was coordinated to attend the Stereoscopic 
Displays and Applications Annual Conference in San Jose, California, USA in 
January 2010. The aim of the research trip was to identify if recent advances in 
stereosopcic projection merited further evaluation applied to conventional minmally 
invasive surgery. Attendance at the conference generated several potential 
scientific enquires regarding the impact of a new method to project stereoscopic 
images to multiple viewers using time-parallel passive polarizing displays. Contact 
was made with a new company developing a prototype surgical stereoscopic 
imaging system centered on this technology.  Arrangements were commenced to 
install this system at the Minimal Access Therapy Training Unit later that year to 
conduct the research described in the following experimental chapters. Extensive 
clinical evaluation was also conducted and solutions to technical challenges 
associated with stereoscopic data recording, storage and editing were achieved. 
These endeavours led to the worlds first Live 3D Laparoscopic Surgery 
Symposium, hosted at the Minimall Access Therapy Training Unit in December 
2010. Additional acievements included extensive content creation contributing 
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towards the main focus of the Association of Laparoscopic Surgeons of Great 
Britian and Ireland annual conference entilied ‘To infinity and beyond’, featuring 3D 
laparoscopic surgery, hosted in Cardiff, Wales, 2011 (Figure 4.1). 
 
 
Figure 4.1 3D Laparoscopic Surgery presented at the ALSGBI 2011 Annual Conference 
using passive polarizing stereoscopic projection. 
	  
Aim	  
Achieving accurate depth judgments from monocular cues forms a significant part 
of the learning curve required for minimally invasive surgeons to reach proficiency. 
The purpose if this experiment was to identify if novice surgeons gained 
advantages using a time parallel stereoscopic display when performing surgical 
skills tasks in a laparoscopic simulator. 
 
Method 
Following ethical approval, from the University of Surrey Ethics Committee, 20 
novice surgeons participated in this experiment. The sample size was based on the 
primary outcome measure of performance error rate, using data from a previous 
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study (12) where the mean (s.d.) number of errors per candidate was 60.6 (22.1) 
under two-dimensional conditions. A clinically significant difference in error rate 
would be to halve it by a reduction from 60.6 to 30. To detect this difference of 30 
points with a significance of 0.05 and a power of 90 per cent, 13 novice surgeons 
were required. To have a sufficiently large sample to detect differences in the 
secondary outcome measures, the sample size was increased to 20. Participants 
were recruited from a population of medical students and foundation trainee junior 
doctors attending regular teaching sessions in the Postgraduate Medical Education 
Centre within the Royal Surrey County Hospital. All attendees were invited to 
participate in the study. Participants were randomized using a computer program, 
to perform the tasks first in monoscopic, then in stereoscopic mode, or vice versa.  
 
A prototype time parallel passive polarising surgical stereoscopic projection system 
(Solid-Look™;Solid-Look Corporation™, New York, USA) was used (Figures 4.2 
and 4.3). This utilised a 46-inch 1080i JVC time parallel passive polarising 
stereoscopic display and was used in all experiments throughout this thesis. A 10-
mm dual-channel stereoendoscope was fixed in a static camera holder to capture a 
constant view of the operative field. Images were viewed using either monoscopic 
or stereoscopic mode. Participants performed a Stereoacuity assessment using the 
Titmus Fly Stereotest (Stereo Optical Co. Inc., Chicago, USA) prior to participating. 
The finest grade of stereo discrimination achieved was recorded. 
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Figure 4.2 The dual channel stereoendoscope used with the Solid-Look stereoscopic 
system. 
 
 
Figure 4.3 The Solid-Look stereoscopic projection system, light source and recording 
equipment used in Experiment 1 and Experiment 2. 
 
Each surgical task was repeated ten times with each visual mode, using standard 
Microline™ laparoscopic instruments (Elemental Healthcare™, Hungerford, UK) in 
a fixed jig box trainer. Participants were provided with a video demonstration of the 
preferred technique before performing each skills task. The skills tasks, validated 
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previously as an accepted laparoscopic skills set (12,143-145) and their associated 
predefined errors are described below. 
 
The rope-pass test involves passing a Silastic® (Cow Dorning, Midland, Michigan, 
USA) vascular sling between two roticulating Maryland graspers. The sling is 30 cm 
long and marked at intervals of 3 cm with two 5-mm black stripes separated by 
3 mm. These are the only points at which the sling may be grasped correctly. 
Grasping outside of these marks constitutes an error. The task is completed when 
the sling has been passed between the graspers from end to end. 
 
The paper-cut test involves an 8-cm strip of paper (width 1 cm), which is marked 
with five equally spaced 3-mm black stripes. The participant is provided with a 
Johan fenestrated grasper for the left hand and roticulating Metzenbaum scissors 
for the right hand. The participant is required to make a cut into each stripe at least 
half the width of the paper. If the cut extends outside of the stripe, an error is 
recorded. 
 
The needle-capping test involves uncapping and recapping an 18-G needle from its 
protective sheath. The needle and sheath are then placed on the base of the box 
trainer. The needle is then resheathed and placed in a pot. If the needle or sheath is 
dropped, an error is recorded. The participants used two Johan fenestrated 
graspers. 
 
The knot-tying test involves tying a 10-cm 3/0 braided suture. The suture is 
threaded through a ring, and two throws of a reef knot must be performed using 
two Maryland forceps. An error is recorded each time the tail of the suture is 
misgrasped. 
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Assessment of surgical performance was made with a validated 3D motion-
tracking system (TrakSTAR™; Ascension Technology Corporation™, Milton, 
Vermont, USA) and the data were calculated with Sequitor™ software (Practical 
Automation Management Ltd™, Princes Risborough, UK). Data were retrieved from 
0.9mm electromagnetic sensors placed within the protective sheath of an 
Endoloop ligature® (Ethicon Endo-Surgery) secured to the tips of the participants 
dominant hand Elemental Healthcare Microline™ laparoscopic instrument. Data 
recorded during repetition 1 and repetition 10 of each of the four skills tasks 
included performance time (s), total path length (cm), motion smoothness (cm/s3) 
and grasping (radians), a measure of the cumulative number of radians through 
which the handles of the instrument open and close during each task. Total path 
length, motion smoothness and grasping frequency were calculated using the 
algorithms described in Appendix 2. 
 
A 10mm diameter dual channel stereoendosocpe with field of view vertical 33 
degVA and horizontal 59 degVA was used. Left and right images of the operative 
field were coupled to separate camera control units. An HDLink Pro DisplayPort 3D 
(Blackmagic Design, Melbourne, Australia) converted HD-SDI left and right image 
inputs to a single side by side output. Multiple HDMI signal outputs were 
transmitted to the stereoscopic display and a high-definition Ninja recording device 
(Atomos© Melbourne, Australia) using a 1:4 HDMI distributer amplifier (Kramer 
Electronics, Ltd, UK) (Figure 4.4). 
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Figure 4.4 Diagram illustrating the customised stereoscopic surgical recording and 
transmission system. 
 
Statistical Analysis 
The data were analysed using PASW version 18. Data for participant performance 
times were normally distributed and a paired t test for dependant variables was 
used. As data for participant number of errors were positively skewed a non-
parametric wilcoxon signed ranks test was used.  
 
Results 
All participants achieved high levels of fine graded stereo acuity discrimination for 
targets at 50 seconds arc or greater. All participants had corrected visual acuity of 
20:20.  
 
There was a statistically significant improvement in performance time and a 
statistically significant reduction in number of errors for all tasks using the 
stereoscopic system (p<0.001).  
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The mean time for novice surgeons to complete the entire protocol using 
stereoscopic mode was 4522.7 seconds (s.e.m 316.8) and 7048.2 seconds (s.e.m 
528.6) using monoscopic mode. This represents an improvement in mean 
performance time of 35.8 percent when novice surgeons used the stereoscopic 
mode compared to the monoscopic mode and is illustrated in Figure 4.5 and 4.6 
below. 
 
 
Figure 4.5 Mean performance time for novice surgeon’s to complete a repetition of the four 
tasks. p=<0.001 for rope pass, paper cut, needle capping and knot tying tasks using the 
paired t test (2D=monoscopic, 3D=stereoscopic) 
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Figure 4.6 Mean performance time for novice surgeons to complete sequential task 
repetitions of tasks 1-4 combined. p=<0.001 for each repetition using the wilcoxon signed 
ranks test (2D=monoscopic, 3D=stereoscopic). 
 
The median number of errors performed by novice surgeons completing the entire 
protocol using monoscopic mode was 167.5 (IQR 145.8-217.3). The median 
number of errors performed by novice surgeons completing the entire protocol 
using stereoscopic mode was 66 (IQR 47.5-93.2). This represents a 62.4 percent 
reduction in median error rate when novice surgeons used the stereoscopic mode 
compared to the monoscopic mode and is illustrated in Figures 4.7 to 4.9 below. 
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Figure 4.7 Normal plots for the number of errors performed by novice surgeon’s completing 
the entire skills tasks protocol ie. 10 repetitions of tasks 1-4 combined (2D=monoscopic, 
3D=stereoscopic). 
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Figure 4.8 Box and whisker plot illustrating the number of errors performed by novice 
surgeon’s completing the entire skills tasks protocol i.e. 10 repetitions of tasks 1-4 
combined, p=<0.001 using the wilcoxon signed ranks test (2D=monoscopic, 
3D=stereoscopic). 
 
 
 
Figure 4.9. Median numbers of errors for novice surgeon’s completing sequential task 
repetitions of tasks 1-4 combined. p=<0.001 for each repetition using the wilcoxon signed 
ranks test (2D=monoscopic, 3D=stereoscopic). 
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During sequential repetitions of each task, novice surgeons demonstrated 
significantly improved performance using the stereoscopic mode. Time to complete 
all repetitions of each task was reduced both during the learning phase 
(represented by early repetitions) and once final competency was achieved 
(represented by the latter repetitions). All participants demonstrated improvements 
in performance time and error rate with consecutive repetitions of each task. Data 
obtained during the final 5 repetitions of each task was analysed separately to 
establish the impact of the stereoscopic display on final proficiency. Table 4.1 
illustrates that participants demonstrated significantly improved final proficiency for 
all tasks when using the stereoscopic mode. 
 
 
Median performance time (s) 
 
 
Task 
 
Monoscopic 
 
Stereoscopic 
 
p 
 
Rope pass 
 
107.5 
(145.5-81.5) 
77.5 
(108.8-59.3) 
<0.001 
Paper cut 
 
135.5 
(189.3-82.3) 
78 
(108-60.6) 
<0.001 
Needle capping 
 
90 
(140.5-57) 
49 
(80.8-32.3) 
<0.001 
Knot tying 
 
192.5 
(301-130.5) 
118.5 
(158-87.5) 
<0.001 
 
Median number of errors 
 
 
Task 
 
Monoscopic 
 
Stereoscopic 
 
p 
 
Rope pass 
 
3 
(5-2) 
1 
(2-1) 
<0.001 
Paper cut 
 
1 
(2-0) 
0 
(1-0) 
<0.001 
Needle capping 
 
3 
(5-2) 
1 
(2-0) 
<0.001 
Knot tying 
 
6 
(8-3) 
2 
(3-1) 
<0.001 
	  
Table 4.1 Median performance time and number of errors for all participants during the final 
5 repetitions of the four skills tasks, p values obtained using the wilcoxon signed ranks test. 
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Figures 4.10 and 4.11 below illustrate the motion tracking data characteristics for 
novice participants completing tasks 1 to 4 using the stereoscopic and 
monoscopic modes. Median total path lengths were 321.6 (IQR 194.3-589.9) 
versus 451.1 (IQR 253.7-1060.3) cm (p<0.001) for the stereoscopic and 
monoscopic modes respectively. Median motion smoothness was 6.5 (IQR 4.71-
8.3) cm/s3 for the stereosocpic mode versus 4.9 (IQR 3.8-6.6) cm/s3 (p<0.001) for 
monoscopic mode. Median grasping frequency was 10.4 (IQR 6.2-15.8) rads for 
stereoscopic and 14.6 (IQR 8.6-25.8) rads for monoscopic mode (p<0.001).  
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Figure 4.10 Normal plots for motion tracking data during novice surgeon’s performance of 
repetitions 1 and 10 of tasks 1-4 (2D=monoscopic, 3D=stereoscopic). 
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Figure 4.11. Median motion tracking data for novice surgeon’s performance during 
repetitions 1 and 10 of tasks 1-4, a) path length, b) motion smoothness and c) grasping 
(2D=monoscopic, 3D=stereoscopic). 
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Discussion 
The results of this experiment demonstrate significant advantages for novice 
surgeons using a stereoscopic compared to monoscopic display. A learning curve 
was observed with both viewing conditions. However, use of the stereoscopic 
mode consistently resulted in superior performance times and error reduction. The 
advantages of the stereoscopic display persist once proficient performance has 
been established. These findings correlate with results obtained from previous 
studies, wherein expert surgeons final proficiency was significantly improved using 
a stereoscopic display (12). The significant improvements in performance time and 
error reduction were greater for the more complex tasks of needle capping and 
knot tying. During these tasks participants had to make finer judgements regarding 
the spatial orientation of instruments and objects they were manipulating. The 
addition of stereoscopic depth cues generated using the time parallel stereoscopic 
display meant that participants were able to achieve a more precise surgical 
performance.  
 
Previous stereoscopic surgical projection systems have induced unwanted visual 
disturbance, nausea and visual fatigue. In this experiment there were no participant 
withdrawals due to adverse visual symptoms with either monoscopic or 
stereoscopic viewing conditions. The additional binocular cues provided by 
stereoscopic displays may help reduce the period of adaptation required to operate 
in a monocular surgical field. If the observed performance advantages are 
translated into clinical practice, the use of time parallel stereoscopic displays may 
help reduce the operative leaning curve associated with minimally invasive surgery.   
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Experiment 2 - Experienced surgeons 
Introduction 
Experiment 1 demonstrated that restoring binocular depth cues by using time 
parallel stereoscopic displays significantly improves the performance of novice 
surgeons in a simulated setting. Achieving accurate depth judgements from 
monocular cues is a significant part of the learning curve required for laparoscopic 
surgeons to reach proficiency. In the absence of binocular disparity cues, 
experienced laparoscopic surgeons have learnt to interpret monoscopic visual cues 
from two-dimensional displays to determine the spatial relationships between 
instruments and anatomical structures.  
 
Aim 
The purpose if this experiment was to identify if experienced laparoscopic 
surgeons gain advantages from reintroducing binocular disparity using a time 
parallel stereoscopic display while performing surgical skills tasks in a laparoscopic 
simulator. 
 
Method 
Following ethical approval, obtained from the University of Surrey Ethics 
Committee, 20 experienced laparoscopic surgeons were invited to participate in 
the study. The sample size was determined using the same criteria as Experiment 
1. Eligible surgeons were required to have performed more than 100 independent 
laparoscopic procedures. Participants were recruited from faculty at the Minimal 
Access Therapy Training Unit in the University of Surrey. Following consent, 
participants were randomized, using a computer program, to perform the tasks first 
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in monoscopic, then in stereoscopic mode, or vice versa. Participants performed 
the same skills tasks protocol using test conditions described in Experiment 1.  
 
Assessment of surgical performance was made with a validated 3D motion-
tracking system (TrakSTAR™; Ascension Technology Corporation™, Milton, 
Vermont, USA) and the data were calculated with Sequitor™ software (Practical 
Automation Management Ltd™, Princes Risborough, UK). Data were retrieved from 
miniature electromagnetic sensors secured to the laparoscopic instruments. Data 
recorded during repetition 1 and repetition 10 of each of the four skills task sets 
included time line (s), total path length (cm), motion smoothness (cm/s3) and 
grasping (radians), a measure of the cumulative number of radians through which 
the handles of the instrument open and close during each task. Participants’ 
subjective workload was assessed using the validated National Aeronautics and 
Space Administration (NASA) Task Load Index following completion of all tasks. 
Participants completed a visual analogue scale from 1 to 21, rating their perceived 
workload for the monoscopic and stereoscopic skills tasks (146). High ratings 
represent increased perceived workload and were recorded for six domains: mental 
demand, physical demand, temporal demand, performance success, perceived 
effort required and frustration experienced. 
 
Statistical Analysis 
Data were analysed using SPSS® version 19 (IBM, Armonk, New York, USA). Data 
for participant time and error outcomes were all positively skewed, so non-
parametric wilcoxon signed-rank tests were used showing median (i.q.r.) values. 
NASA Task Load Index data were all normally distributed, so paired-sample t tests 
were used, and data were represented by mean (s.d.) values, with p < 0.05 for 
significance. 
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Results  
There were statistically significant differences between the performance times in 
stereoscopic vs. monoscopic mode for each of the four tasks (p < 0.001 for each 
task) (Figures 4.12 to 4.14). 
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Figure 4.12 Normal plots for experienced surgeon’s time to complete a repetition of tasks 1-
4  (2D=monoscopic, 3D=stereoscopic). 
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Figure 4.13. Median time for experienced surgeon’s to complete a repetition of tasks 1-4, 
p=<0.001 for rope pass, paper cut, needle capping and knot tying using the wilcoxon signed 
ranks test (2D=monoscopic, 3D=stereoscopic). 
 
 
 
Figure 4.14. Median time for experienced surgeons to complete sequential task repetitions 
of tasks 1-4 combined, p=<0.001 for each repetition using the wilcoxon signed ranks test 
(2D=monoscopic, 3D=stereoscopic). 
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There was a statistically significant reduction in the number of errors using 
stereoscopic versus monoscopic mode for each of the four tasks (p < 0.001 for 
each task) (Figures 4.15 to 4.17). 
 
Figure 4.15 Normal plots for the number of errors performed by novice surgeon’s 
completing the entire skills tasks protocol ie. 10 repetitions of tasks 1-4 combined 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 4.16 Box and whisker plot illustrating the number of errors performed by experienced 
surgeon’s completing the entire skills tasks protocol i.e. 10 repetitions of tasks 1-4 
combined, p=<0.001 using the wilcoxon signed ranks test (2D=monoscopic, 
3D=stereoscopic) 
 
 
 
Figure 4.17 Median number of errors for experienced surgeons to complete sequential task 
repetitions of tasks 1-4 combined, p=<0.001 for each repetition using the wilcoxon signed 
ranks test (2D=monoscopic, 3D=stereoscopic). 
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The median time for completion of the entire protocol (10 repetitions of each task 
by each of the surgeons) was 1636s (IQR 1375-2044) using stereoscopic mode and 
2511s (1966-3537) s using monoscopic mode. The median number of errors 
performed while completing the entire protocol was 29.5 (IQR 17.5-46.5) using 
stereoscopic mode and 78.0 (IQR 60.8-98.3) using monoscopic mode (p ≤ 0.001), 
representing an improvement in median performance time of 35 per cent and a 
reduction in median error rate of 62 per cent using the stereoscopic mode.   
 
During sequential repetitions of tasks, experienced surgeons demonstrated a 
learning curve for both stereoscopic and monoscopic conditions. Performance 
times and error rates were better and more consistent at all stages using 
stereoscopic mode.  
 
Figures. 4.18 and 4.19 demonstrate motion tracking data obtained during 
completion of the four tasks under monoscopic and stereoscopic viewing 
conditions. Median total path length was 83.7 (IQR 60.2-117.6) versus 99.0 (IQR 
71.2-141.7) cm for the stereosocpic and monoscopic modes respectively 
(p<0.001). Median motion smoothness was 8.1 (IQR. 6.9-9.5) for the stereoscopic 
mode versus 7.0 (IQR. 5.7-8.4) cm/s3 for monoscopic mode (p<0.001). Median 
grasping frequency was 5.6 (IQR 4.1-7.4) rads for stereoscopic mode and 6.6 (IQR 
4.7-9.9) rads for monoscopic mode (p<0.001). 
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Figure 4.18 Normal plots for motion tracking data for novice surgeon’s performance during 
repetitions 1 and 10 of the four skills tasks (2D=monoscopic, 3D=stereoscopic). 
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Figure 4.19 Median Motion tracking data for experienced surgeon’s performance during 
repetitions 1 and 10 of the four skills tasks in monoscopic and stereoscopic modse, a) path 
length, b) motion smoothness and c) grasping (2D=monoscopic, 3D=stereoscopic). 
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Participants reported a reduction in four of the six mean subjective workload 
dimension ratings of the NASA Task Load Index using stereoscopic compared to 
monoscopic mode (Figure. 4.20). Mean (s.d.) scores for use of the monoscopic and 
stereoscopic mode were 8.6 (4.9) and 7.3 (5.3) (p=0.273) for mental demand, 9.0 
(4.5) and 6.8 (5.0) (p=0.024) for physical demand, 6.9 (4.8) and 7.1 (5.1) (p=0.873) 
for temporal demand, 10.1 (4.8) and 7.2 (4.2) (p<0.003) for performance success, 
11.1 (5.4) and 7.7 (4.4) (p=0.017) for perceived effort and 10.4 (6.2) versus 5.0 (3.5) 
(p=0.001) for frustration experienced. 
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Figure 4.20 Subjective workload ratings using the NASA Task Load Index for surgeons 
completing ten repetitions of the four skills tasks in monoscopic and stereoscopic modes, a) 
mental demand, b) physical demand, c) temporal demand, d) performance success, e) effort 
and f) frustration (2D=monoscopic, 3D=stereoscopic). 
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Discussion	  	  
This experiment was designed to evaluate the effect of time parallel stereoscopic 
displays on the performance of experienced minimally invasive surgeons. A 
proficient minimally invasive surgeon has learnt to interpret monocular visual depth 
cues from two-dimensional displays to perform accurate and intricate movements. 
This process successfully compensates for the loss of stereopsis available during 
open surgery. However, results from this experiment indicate that reintroducing 
binocular depth cues contributes to additional improvements in performance for 
experienced minimally invasive surgeons in a simulated setting. As the complexity 
of the tasks increased, the advantage provided by the stereoscopic display 
became more pronounced. In addition, there was a greater consistency of 
performance between participants using the stereoscopic display. Although 
adaptation to a monoscopic visual environment during the acquisition of 
laparoscopic skills occurs, it appears that this never fully compensates for the 
absence of binocular depth cues. Reintroducing these cues improved the precision 
of the performance, and the consequence of this was a significant reduction in 
errors and more rapid task completion.  
 
Although it has been demonstrated that experienced minimally invasive surgeons 
using monoscopic displays have acquired economy and smoothness of movement 
(147-152) the use of time parallel stereoscopic displays further enhanced dexterity 
among the surgeons participating in this experiment. 
 
The subjective workload experienced by the participants was significantly reduced 
in four of the six NASA Task Load Index weightings, indicating that the 
stereoscopic mode was better tolerated than the monoscopic mode in terms of 
required effort, physical demand, satisfaction of performance and frustration 
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scores. This may translate into a perceived reduction in workload demands and 
fatigue when performing extended complex minimally invasive surgical procedures.  
 
Time parallel stereoscopic displays lead to an improved performance of minimally 
invasive surgical skills by experienced surgeons. If these performance advantages 
translate into clinical practice significant reductions in error rates and performance 
time might lead to a fall in complication rates, as well as improving utilisation of 
expensive operating resources. 
	  
	  
Chapter 5  
 
Changes in accommodative 
dynamics while viewing 
stereoscopic surgery 
 
Experiment 3 
	  
Introduction 
Experiments 1 and 2 concluded that time parallel stereoscopic displays are 
associated with improved performance of minimally invasive surgical skills. The 
literature review revealed that visual fatigue can result from viewing stereoscopic 
stimuli and is associated with objective changes in accommodation.  
 
Aim	  
The purpose of this experiment was to investigate the impact of viewing 
stereoscopic surgery using a time parallel stereoscopic display on accommodative 
dynamics. 
 
Method 
10 participants performed this experiment. This is the first study investigating 
accommodative function following stereoscopic surgery viewing. Consequently, an 
exploratory study was performed and a similar number of participants to previous 
studies investigating accommodative function following monoscopic viewing were 
recruited. Participants were randomised by computer programe to view 66 min 50s 
of edited minimally invasive surgery in monoscopic followed by stereoscopic mode 
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or in the reverse order. Visual acuity and stereo acuity were measured for each 
participant using the methods outlined in Experiment 1. The experiment was 
conducted in dim light conditions and the luminosity was measured before 
commencing each experiment using a Centrer 337 Lightmeter (Center®). 
Participants wore previously prescribed corrective glasses or contact lenses and 
circular passive polarising eyewear during the experiment. The minimally invasive 
surgery content provided an overview of the important components of six 
operations. Table 5.1 contains a description of the surgical procedures included.  
 
 
Order 
 
Procedure 
 
Duration 
 
1 Cholecystectomy 5m 12s 
2 Sigmoid Colectomy 13m 36s 
3 Oesophagectomy 23m 57s 
4 Hysterectomy 9m 27s 
5 Hellers cardiomyotomy 8m 12s 
6 Right hemicolectomy 6m 25s 
Total  66m 50s 
 
Table 5.1 A description of the surgical procedures viewed by participants in monoscopic 
and stereoscopic modes. 
 
 
A Ninja high definition HDMI recorder (Atomos© Melbourne, Australia) was used to 
obtain stereoscopic recordings of the surgical procedures from uncompressed 
interlaced HDMI signals at 60i from an HDProLink3 (Blackmagic Design, 
Melbourne, Australia). The output data files were encoded in side by side format to 
.mov files stored to a 750GB HDD using ProRes HQ compression with data transfer 
rates of 176mb/s. Pro Res HQ .mov files were subsequently combined using imovie 
version 8.0.6 and exported using an AIC codec. Monocular sequences were 
generated using Xillisoft software version 7.1.0. Consequently stereoscopic 
resolution was 1920X540 pixels and monoscopic resolution was 1920X1080 pixels.  
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Measurement of accommodation responses 
Accommodation responses (AR) were measured immediately following each 
viewing session (T_0), then 60 minutes (T_60) and 90 minutes (T_90) thereafter. The 
accommodation response was recorded using the PowerRef II infrared auto-
refractor (Plusoptix, Germany).  
 
The PowerRef II is an infrared autorefractor. It has a light source eccentric to the 
optical axis of the camera. If the eye is accurately focused at the camera, the 
infrared light reflected from the fundus is imaged in the camera plane as an even 
luminance over the pupil. During defocus, the reflected light is dispersed. The angle 
of reflection is proportionate to the amount of defocus and the light gradient across 
the pupil is used to calculate the refractive error with a temporal resolution of 25 Hz  
(77). The PowerRef II obtains valid and reliable measurements compared to 
optometric and other objective assessment methods (16,73,76,153,154). 
 
Two maltese cross visual targets were placed on an optical bench at 100cm and 
20cm, corresponding to a 1 dioptre (D) and 5D optical stimuli. The visual angle of 
the targets was 5.73 degrees VA  (Figure 5.1). Participants were instructed to fixate 
on the centre of the far 1D target. An audible beep stimulus was generated to 
prompt the participant to rapidly alternate fixation between the centre of the near 
(5D) and far (1D) targets every 10 seconds. This process was repeated 5 times (AR1 
to AR5) at T_0, T_60 and T_90 following viewing. During each accommodation 
response the participant’s refractive state was recorded at 40 millisecond intervals 
using the PowerRef II.  
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Figure 5.1 The centre of a maltese cross was used as a fixation target. 
 
2 hours following completion of the first viewing session, participants commenced 
a second viewing session in either monoscopic or stereoscopic mode depending 
on which group they were randomised to initially. AR1 to AR5 were again measured 
at T_0, T_60 and T_90 following viewing. 300 left eye AR’s were recorded in total. 
Figure 5.2 illustrates the experimental set up. 
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Figure 5.2 The experimental set-up. The PowerRefractor II (PRII). uses autorefraction to 
measure accommodative responses while participants change fixation between the far (1D) 
and near (5D) target. A hot mirror that allows passage of visible light but reflects infrared was 
positioned between the participant and the PowerRefractor II. 
 
Figure 5.3 illustrates the stimulus response relationship. 
 
 
 
 
 
 
 
Figure 5.3 Dynamic accommodation responses were measured during change of fixation 
between the far (1D) and near (5D) target. An audible stimulus prompted participants to 
alternate fixation between the centre of the near and far targets at 10s intervals.  
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Statistical Analysis 
The latency between the onset of the audible stimuli and the commencement of the 
accommodation response was removed to determine the onset of each response 
by using a velocity detection algorithm. This method was first described by Schor 
et al (1999) (155) and subsequently used by Bharadwaj et al (2005) (156). The onset of 
the accommodation response was defined as the point at which the 
accommodation velocity was >0.5 dioptres/sec for three successive data points 
(120ms). Completion of each accommodation response was defined by a negative 
accommodation velocity for three successive data points (120ms). Accommodation 
responses with missing data points at the onset, completion or during the 
accommodation acceleration phase were excluded from the analysis. The 
accommodation response magnitude was the difference between the dioptric value 
at the start and end of the accommodation response recorded by the PowerRef II. 
Velocity and acceleration profiles for each of the 300 accommodation responses 
were plotted and individually inspected to determine the response magnitude, peak 
velocity, time to peak velocity, peak acceleration and time to peak acceleration for 
each accommodation response. These accommodative dynamics were compared 
following monoscopic and stereoscopic viewing sessions at T_0, T_60 and T_90 for 
each participant (Figure 5.4). Accommodation velocity and acceleration profiles 
were generated using MatLab (version R2013a 8.1.0). Data were analysed using 
SPSS version 19. Response magnitude measured in diopters (d), peak velocity 
(d/ms) and peak acceleration (d/ms2) were not normally distributed, so non-
parametric wilcoxon signed-rank tests were used to compare the data, after SPSS 
analysis of frequency and distribution.  
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Figure. 5.4 The accommodative dynamic response (AR) during change of fixation between 
the far (1D) and near (5D) target. Accommodation velocity and acceleration profiles were 
used to obtain dynamic accommodation data. Response magnitude (RM), peak velocity 
(PV), time to peak velocity (tPV), peak acceleration (PA) and time to peak acceleration (tPA) 
were calculated from each accommodative response profile. Mean data from a single 
participant following monoscopic viewing are illustrated.  
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Results 
All participants achieved high levels of fine graded stereo acuity discrimination for 
targets at 50 seconds arc or greater. All participants had corrected visual acuity of 
20:20. There was no significant difference in median (IQR) luminosity between the 
stereoscopic (1.09 (1.05-1.12) lux) and monoscopic (1.07 (1.05-1.12) lux) viewing 
sessions (p=0.43). Overall 300 left eye accommodation responses were measured 
from the participants. 51 monoscopic and 64 stereoscopic accommodation 
responses were excluded due loss of data capture during the response. Overall, 
185 AR’s were analysed. Results for accommodative dynamics following 
monoscopic and stereoscopic viewing are illustrated in Figures 5.5 to 5.7 and 
Tables 5.2 to 5.4 below. 
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Figure 5.5a. Normal plots for accommodative dynamics at T0 (2D=monoscopic, 
3D=stereoscopic). 
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Figure 5.5b. Normal plots for accommodative dynamics at T0 (2D=monoscopic, 
3D=stereoscopic). 
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Participant Response 
duration   
(ms) 
Response 
magnitude 
(dioptres) 
Peak velocity 
(dioptres/ms) 
Time to 
peak 
velocity      
(ms) 
Peak 
acceleration 
(dioptres/ms2) 
Time to 
peak 
acceleration 
(ms) 
 
Monoscopic 
 
2 1,613 5.93 11.81 347 44.16 200 
4 936 6.26 13.27 384 75.11 232 
5 1,490 8.09 15.24 340 50.25 150 
6 1,413 4.11 7.05 307 23.38 147 
7 1,313 3.93 6.54 340 18.82 193 
8 1,690 6.59 12.19 400 36.59 240 
9 1,213 4.02 7.05 373 26.63 247 
10 1,344 5.68 11.29 408 37.69 216 
Median of 
total 
dataset 
1,460 5.58 11.1 400 37.53 240 
IQR 1200-
1880 
5.01-7.01 8.57-13.34 360-400 30.31-47.00 160-240 
 
Stereoscopic 
 
2 2,074 7.37 12.58 440 45.73 320 
3 1,040 7.74 17.47 320 67.04 280 
4 1,312 5.24 11.74 304 66.25 144 
6 990 3.95 10.29 260 51.40 190 
8 1,160 6.46 13.48 387 59.69 133 
9 1,680 5.85 9.00 460 35.63 600 
10 1,180 6.59 13.15 420 46.39 240 
Median of 
total 
dataset 
1,260 6.18 12.93 700 49.54 180 
IQR 1130-
1570 
5.18-6.61 10.66-13.93 320-400 36.56-66.92 120-310 
       
p 0.384 0.079 0.003 0.093 0.002 0.584 
       
 
Table 5.2 Accommodative dynamic response data measured at T0 following monoscopic 
and stereoscopic viewing, p values were obtained using the wilcoxon signed ranks test. 
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Figure 5.6a. Normal plots for accommodative dynamics at T60 (2D=monoscopic, 
3D=stereoscopic). 
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Figure 5.6b. Normal plots for accommodative dynamics at T60 (2D=monoscopic, 
3D=stereoscopic). 
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Participant Response 
duration   
(ms) 
Response 
magnitude 
(dioptres) 
Peak velocity 
(dioptres/ms) 
Time to 
peak 
velocity      
(ms) 
Peak 
acceleration 
(dioptres/ms2) 
Time to 
peak 
acceleration 
(ms) 
 
Monoscopic 
 
1 1,180 3.13 5.64 320 34.73 220 
2 1,960 7.92 13.34 560 45.47 400 
3 1,240 5.13 9.86 400 22.51 280 
4 1,490 4.89 11.12 330 50.16 210 
5 970 7.07 15.11 400 45.14 400 
6 680 3.12 7.52 360 34.73 200 
7 2,168 4.64 5.70 296 17.40 576 
8 1,920 6.10 11.60 380 31.84 160 
9 1,740 3.67 5.80 327 19.93 280 
10 1,040 5.48 11.21 370 40.39 170 
Median of 
total 
dataset 
1,360 5.47 9.91 400 35.19 240 
IQR 1000-
2240 
4.54-6.36 7.35-12.36 320-400 24.59-42.05 160-360 
 
Stereoscopic 
 
1 1,580 4.18 8.64 300 51.77 340 
2 1,360 7.91 13.63 400 40.53 200 
3 1,646 6.20 11.21 366 40.19 166 
4 1,455 5.61 10.45 400 43.26 120 
5 893 5.71 12.23 307 31.37 253 
6 1,200 2.94 4.35 312 12.72 456 
7 1,860 4.92 7.93 327 29.37 247 
8 1,296 4.62 8.05 328 25.76 192 
9 2,360 6.23 8.62 440 28.14 210 
10 1,448 5.78 10.39 544 34.12 304 
Median of 
total 
dataset 
1,480 5.84 9.89 400 32.63 5 
IQR 1200-
2140 
4.94-6.58 7.63-11.57 400-400 26.17-39.51 120-300 
       
p 0.537 0.695 0.433 0.124 0.088 0.954 
 
Table 5.3 Accommodative dynamic response data measured at T60 following monoscopic 
and stereoscopic viewing, p values were obtained uusing the wilcoxon signed ranks test. 
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Figure 5.7a. Normal plots for accommodative dynamics at T90 (2D=monoscopic, 
3D=stereoscopic). 
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Figure 5.7b. Normal plots for accommodative dynamics at T90 (2D=monoscopic, 
3D=stereoscopic). 
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Participant Response 
duration   
(ms) 
Response 
magnitude 
(dioptres) 
Peak velocity 
(dioptres/ms) 
Time to 
peak 
velocity      
(ms) 
Peak 
acceleration 
(dioptres/ms2) 
Time to 
peak 
acceleration 
(ms) 
 
Monoscopic 
 
1 963 3.35 7.21 333 29.02 210 
2 2,240 7.57 12.83 360 50.59 280 
3 2,400 6.49 9.42 400 29.25 120 
4 1,480 4.61 10.20 333 44.28 240 
5 720 5.36 13.08 400 45.25 160 
6 907 5.14 8.41 253 24.40 133 
7 1,192 4.09 6.19 312 24.12 344 
8 2,120 5.62 10.47 400 31.06 150 
9 1,327 3.43 5.66 320 20.49 233 
10 1,336 6.12 11.14 464 36.13 256 
Median of 
total 
dataset 
1,580 5.39 9.94 400 29.74 240 
IQR 1000-
1890 
4.25-6.21 8.02-11.39 360-400 25.32-39.56 120-280 
 
Stereoscopic 
 
2 1,488 7.16 13.50 392 39.50 224 
3 1,300 6.55 12.38 440 32.38 120 
4 853 5.13 10.35 280 37.61 280 
5 632 4.51 10.69 296 28.07 168 
7 1,460 3.66 6.66 360 27.87 280 
8 664 2.64 6.72 304 25.33 136 
9 1,520 5.82 9.96 392 37.31 592 
10 1,260 6.07 10.71 470 41.13 250 
Median of 
total 
dataset 
1,240 5.91 11.08 400-400 36.64 240 
IQR 880-1540 4.87-6.56 9.28-12.65 360-400 29.11-43.32 140-280 
       
p 0.02 0.29 0.05 1 0.15 0.251 
 
Table 5.4. Accommodative dynamic response data measured at T90 following monoscopic 
and stereoscopic viewing, p values were obtained using the wilcoxon signed ranks test. 
 
 
Response magnitude 
The median response magnitude consistently exceeded the 5-diopter 
accommodative target stimulus following both monoscopic and stereoscopic 
viewing. However, there was no difference in response magnitude following 
monoscopic and stereoscopic viewing at T=0, T=60 and T=90.  
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Peak velocity 
There was a significant increase in median peak velocity immediately following 
stereoscopic (12.93 d/ms, IQR 10.57-13.93) compared to monoscopic (11.1 d/ms, 
IQR 8.57-13.38) viewing (p=0.003). After 60 minutes there was no significant 
difference between peak velocity of accommodation following both monoscopic 
and stereoscopic viewing (Figure 5.8). 
 
 
 
Figure 5.8. Median peak velocity of accommodation measured at T_0, T_60 and T_90 
following monoscopic and stereoscopic viewing (2D=monoscopic, 3D=stereoscopic).  
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Peak acceleration 
There was a significant increase in median peak acceleration immediately following 
stereoscopic (49.54 d/ms2, IQR 36.56-66.92) compared to monoscopic 37.53 
d/ms2, IQR 30.31-46.99) viewing (p=0.002). After 60 minutes there was no 
significant difference between peak acceleration of accommodation for either 
viewing mode (Figure 5.9). 
 
 
Figure 5.9. Median peak acceleration of accommodation measured at T_0, T_60 and T_90 
following monoscopic and stereoscopic viewing (2D=monoscopic, 3D=stereoscopic). 
 
Time to peak velocity 
There was no significant difference in the time to peak velocity following 
monoscopic and stereoscopic viewing at T=0, T=60 and T=90. 
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Time to peak acceleration 
There was no significant difference in time to peak acceleration following 
monoscopic and stereoscopic viewing at T=0, T=60 and T=90. 
 
Main sequence relationship - Peak velocity as a function of response magnitude 
Peak velocity was plotted as a function of response magnitude following 
monoscopic and stereoscopic viewing at T0, T60 and T90 (Figures 5.10 to 5.12).  
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Figure 5.10 The main sequence relationship indicating peak velocity as a function of 
accommodation response magnitude for all participants accommodative dynamic 
responses following monoscopic (top) and stereoscopic (bottom) viewing at T=0 (99% CI). 
The solid line indicates the combined linear regression fit for all participants, p=<0.001 
following monoscopic viewing and p=0.01 following stereoscopic viewing.  
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Figure. 5.11 The main sequence relationship indicating peak velocity as a function of 
accommodation response magnitude for all participants accommodative dynamic 
responses following monoscopic (top) and stereoscopic (bottom) viewing at T=60 (99% CI). 
The solid line indicates the combined linear regression fit for all participants, p=<0.001 
following both viewing conditions. 
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Figure. 5.12 The main sequence relationship indicating peak velocity as a function of 
accommodation response magnitude for all participants accommodative dynamic 
responses following monoscopic (top) and stereoscopic (bottom) viewing at T=90 (99% CI). 
The solid line indicates the combined linear regression fit for all participants, p=<0.001 
following both viewing conditions.  
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There was an increase in peak velocity with increasing response magnitude 
following monoscopic and stereoscopic viewing. This ‘main sequence’ relationship 
is consistent with findings from previous studies characterising the properties of 
accommodation (157). The main sequence relationship indicates preservation of the 
physiological relationship between accommodative demand and fixation responses 
following stereoscopic viewing.  
 
Discussion 
Abnormal accommodative responses to fixation stimuli have been observed 
following stereoscopic compared to monoscopic viewing (96,97,158). Variation in 
response magnitude or accommodation overshoot (excessive response magnitude 
relative to the accommodation stimulus) has been used as an indicator of visual 
fatigue and is thought to originate from stereoscopic displays as part of 
accommodation-convergence decoupling (87). Accommodative overshoot has been 
associated with subjective reports of visual fatigue while viewing stereoscopic 
displays (83,87). However, in these early studies, accommodative overshoot was 
investigated while viewing static images rather than complex dynamic stereoscopic 
stimuli. This limits the relevance of their findings when trying to establish the impact 
of stereoscopic minimally invasive surgery on accommodation function. 
 
This experiment investigates how accommodative dynamics are influenced 
following 66mins and 50s of monoscopic and stereoscopic viewed using a time 
parallel stereoscopic surgical display. Characteristics of the response profile 
included first order dynamics (response magnitude and peak velocity). Second 
order accommodative dynamics (peak acceleration, time to peak velocity and time 
to peak acceleration) were also described, as these have not previously been 
reported following stereoscopic viewing.  Excessive accommodation relative to the 
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target stimulus was observed following both monoscopic and stereoscopic viewing 
in this experiment. However, the range of response magnitudes achieved during 
the accommodation response was not significantly different following either 
viewing mode at T0, T60 and T90. Overall, participants initiated similar response 
magnitudes to achieve near target fixation following both viewing conditions. These 
findings are in contrast to previous studies that demonstrated differences in 
response magnitude following stereoscopic viewing compared to monoscopic 
viewing (158).  
 
It is possible that the magnitude of the disparities within the stereoscopic content 
did not exceed limits required to generate significant accommodation-vergence 
conflict. However, results from Experiment 5, described later in this thesis indicate 
that minimally invasive stereoscopic cues exceed the recommendation of 1° visual 
angle required to maintain the zone of clear single binocular vision. Irrespective of 
this, the results indicate there is no significant difference in accommodative 
overshoot following stereoscopic compared to monoscopic viewing using time 
parallel stereoscopic displays for minimally invasive surgery.  
 
The luminosity of the experimental environment was kept deliberately low in order 
to achieve satisfactory pupillary dilatation and capture of the pupillary light reflex by 
the PowerRef II autorefractor. In such conditions, the response magnitude is 
greater due to loss of the refraction generated by a mydriatic pupil. Pupillary 
dilatation under both monoscopic and stereoscopic viewing conditions may explain 
the observed increased response magnitude relative to the 5D target stimulus in 
this experiment. The PowerRef II prevents capturing accommodative function while 
viewing surgical stereoscopic motion sequences under normal lighting conditions. 
This generates a significant limitation of this experiment, as viewing conditions 
were not equivalent to a minimally invasive surgery operating theatre. 
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Previous studies evaluating accommodative dysfunction following stereoscopic 
viewing have used very short sequences (typically 10 minutes in duration) (94,95). This 
experiment reports accommodation dynamic function following viewing over 66 
mins of surgery. This duration was deliberately chosen to reflect the time taken for 
a day case minimally invasive surgical procedure while being an acceptable 
duration to recruit participants for the study. It was intended that the results would 
provide relevant information for surgeons who are considering using time parallel 
stereoscopic displays for their clinical practice. 
In addition to response magnitude, this study expands existing knowledge of peak 
velocity and acceleration profiles of accommodation that occur during normal 
binocular vision (156,157). Analysis of accommodation profiles quantified the first and 
second order dynamics of accommodation that occur following stereoscopic 
viewing. The peak velocity and peak acceleration of the accommodation response 
profile was significantly increased immediately following stereoscopic compared to 
the monoscopic viewing (Table 5.2). The data also indicates that hyperdynamic 
accommodation profiles may remain present for up to 60 minutes following 
stereoscopic viewing. The observations imply that for a given point of fixation 
participants placed unusual demands on their accommodative system to achieve 
an equivalent response magnitude. Following 60 minutes there was no difference in 
peak velocity and peak acceleration of accommodation compared to responses 
following either viewing mode. 
Bharadwaj et al, (2005) demonstrated that peak velocity of accommodation 
increases with response magnitude under normal viewing conditions (156). In this 
experiment, peak velocity also increased with response magnitude following both 
monoscopic and stereoscopic viewing and there was no significant difference in 
the relationship between peak velocity and response magnitudes obtained at T0, 
T60 and T90 (Figures 5.10 to 5.12). These findings indicate that the amplitude 
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dependent property of the accommodation response remains physiological 
following both monoscopic and stereoscopic viewing and the main sequence is 
representative of previously established accommodative response patterns. 
This preliminary experiment is limited to a relatively small number of participants 
similar to previous studies and may contain a type 2 error. In addition 51 
monoscopic and 64 stereoscopic accommodation responses were excluded due 
loss of data capture during the response. However the data volume collected was 
sufficient to identify differences in second order accommodative dynamics and it is 
therefore likely that differences in first order dynamics will also have been identified 
if present. 
 
Further work should identify the disparity magnitude and fixation duration of 
binocular stimuli required to generate abnormalities in peak velocity and peak 
acceleration of accommodation and their sensitivity as indicators of visual fatigue 
induced by stereoscopic displays. 
Chapter 6 
 
Viewing tolerance of stereoscopic 
surgery  
 
Introduction 
 
Stereoscopic projection systems used in minimally invasive surgery have been 
poorly tolerated and induce adverse visual symptoms. In part these symptoms are 
due to low refresh rates of time sequential displays, poor ergonomics of bulky head 
mounted displays and conflicting accommodation and convergence stimuli. Time 
parallel stereoscopic displays simultaneous project left and right images of the 
operative field using polarised filters. This method of projection may reduce the 
subjective experience of visual fatigue for minimally invasive surgeons using 
stereoscopic displays.  
Aim	  
The purpose of this experiment was to investigate novice and experienced 
surgeon’s tolerance of viewing time parallel stereoscopic displays during 
performance of surgical skills and while viewing stereoscopic minimally invasive 
surgery. 
 
Method 
A visual fatigue questionnaire (adapted from Kuze et al, 2008) (66) was completed by 
participants in Experiments 1 and 2, before and after completion of the skills tasks 
protocol in monoscopic and stereoscopic modes. Participants in Experiment 3 also 
completed the questionnaire before and 0, 30, 60 and 90 minutes following both 
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monoscopic and stereoscopic viewing sessions. The questionnaire was previously 
validated to demonstrate differences in participant responses following 
stereoscopic viewing under a number of different viewing conditions (66). It 
incorporates a number of different responses that reflect the heterogeneity of 
symptoms associated with visual fatigue and is illustrated in Appendix 3.  
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Statistical Analysis 
A total of 260 questionnaires were completed. A principle component analysis was 
conducted on the 27 items with orthoganol rotation (varimax). The Kaiser-Mayer 
Olkin measure verified the sampling adequacy for the analysis, KMO = 0.817, and 
all KMO values for individual items above the acceptable limit of 0.5 were included 
in the analysis. Responses to two questions (19 and 26) were excluded with KMO 
values <0.5 and 25 items were retained. Bartletts test of spericity X2 (300) = 3701, 
p < <0.001, indicates that correlations between items were sufficiently large for 
principle component analysis. An initial analysis was run to obtain eigenvalues for 
each component in the data. Four with eigenvalues for each criterion >1 in 
combination explained 59.3% of the variance. The scree plot showed inflections 
that justified retaining these (Figure 6.1). Table 6.1 shows the factor loadings after 
rotation. The items that cluster on the same suggest that 1 relates to local eye 
symptoms and nausea, 2 relates to attention impairment, 3 relates to additional 
sensations and near fixation failure and 4 relates to physical discomfort and far 
fixation failure. The factor loadings generated from the rotated component matrix 
indicate the strength of the association between each of the items in the 
questionnaire. Each of the factor loadings was multiplied by scores given by each 
participant, for items of the questionnaire. The calculated scores that made up 
each factor were then added together to gain an overall factor score. Scores for 
each factor loading were compared for each viewing condition using the Wilcoxon 
signed ranks test. 
 
Chapter 6 Viewing tolerance of stereoscopic surgery 
 
139 
 
Figure 6.1 The scree plot illustrates an inflection point that indicates 4 factors.  
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Rotated component matrix 
 
  
Factor 1 
 
 
Factor 2 
 
Factor 3 
 
Factor 4 
Q7 Heavy Eyes 0.744 0.112 0.093 0.098 
Q12 Feeling 
heavy in the 
head 
0.688 0.053 0.030 0.110 
Q20 Nausea 0.675 0.218 0.048 0.140 
Q3 Eyestrain 0.646 0.033 0.390 0.177 
Q1 Bleary eyes 0.627 0.068 0.417 0.046 
Q11 Watery 
eyes 
0.530 0.075 0.253 0.024 
Q14 Dizzyness 0.005 0.913 0.027 0.131 
Q9 Warm eyes 0.241 0.786 -0.004 0.023 
Q17 Sleepy 0.377 0.760 0.059 0.052 
Q22 Double 
vision 
-0.064 0.707 0.377 0.348 
Q18 Vomiting -0.153 0.602 -0.012 -0.069 
Q6 Stinging 
Eyes 
0.332 0.423 0.329 0.331 
Q10 Flickering 0.018 -0.016 0.813 0.112 
Q21 Difficulty 
focusing 
0.263 0.061 0.804 0.132 
Q23 Near vision 
difficulty 
0.094 0.067 0.780 0.065 
Q8 Hazy eyes 0.203 0.187 0.660 -0.062 
Q5 Eyeache 0.546 0.038 0.570 0.081 
Q13 Difficulty 
concentrating 
0.419 0.216 0.435 0.300 
Q27 Pain in the 
back of the 
head 
0.234 0.092 0.126 0.734 
Q24 Far vision 
difficulty 
0.217 0.126 0.268 0.724 
Q25 Pain in the 
temple 
-0.010 0.206 -0.042 0.713 
Q2 Dry eyes 0.361 0.075 0.127 0.017 
Q4 Gritty eyes 0.165 0.518 0.026 0.196 
Q15 Stiff 
shoulder 
0.396 0.082 0.061 0.391 
Q16 Stiff neck 0.142 0.514 0.037 0.112 
 
Extraction Method: Principal Component Analysis.  
Rotation Method: Varimax with Kaiser Normalization. 
Rotation converged in 17 iterations. 
 
Table 6.1 Factor Loadings obtained by principle component analysis using variamx rotation. 
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Results 
The rotated component matrix suggest that factor 1 relates to local eye symptoms 
and nausea, factor 2 relates to attention impairment, factor 3 relates to additional 
sensations and near fixation failure and factor 4 relates to physical discomfort and 
far fixation failure. There was no difference in participant baseline factor scores 
prior to commencing the monoscopic and stereoscopic viewing sessions. Overall 
there was no significant difference in factor 1-4 scores between monoscopic and 
stereoscopic viewing when all participant responses to the questionnaire were 
combined (Figure 6.2 and Table 6.2). 
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Figure 6.2. Normal plots for all participants factor scores combined (2D=monoscopic, 
3D=stereoscopic). 
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Median factor scores for all participants 
 
  
Monoscopic 
 
 
Stereoscopic 
 
 
p 
 
Factor 1 Local eye symptoms and nausea 
 
Median 5.10 5.08  
IQR 4.46-6.4 4.46-5.91 0.421 
 
Factor 2 Attention impairment and far fixation 
 
Median 5.31 5.31  
IQR 4.80-6.35 4.80-6.17 0.086 
 
Factor 3 Additional sensations and near fixation 
 
Median 3.73 3.73  
IQR 3.73-5.28 3.73-4.64 0.587 
 
Factor 4 Physical discomfort and far fixation 
 
Median 2.17 2.17  
IQR 2.17-2.89 2.17-2.17 0.195 
 
Table 6.2 Median factor scores for all participants’ responses to the visual fatigue 
questionnaire following monoscopic and stereoscopic viewing in Experiments 1 to 3. 
 
There was a significant increase in median (IQR) factor 1 scores (local eye 
symptoms and nausea) following completion of the skills tasks in stereoscopic 
compared to monoscopic mode for the novice group in Experiment 1 (5.08 (5.08-
5.76) v 4.46 (4.46-5.19), p=<0.01). All other factor scores were similar (Figure 6.3 
and Table 6.3). 
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Figure 6.3. Normal plots for novice surgeon’s factor scores (2D=monoscopic, 
3D=stereoscopic). 
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Median factor scores for novice surgeons 
 
  
Monoscopic 
 
 
Stereoscopic 
 
 
p 
 
Factor 1 Local eye symptoms and nausea 
 
Median 4.46 5.08 <0.01 
IQR 4.46-5.19 5.08-5.76  
 
Factor 2 Attention impairment and far fixation 
 
Median 5.71 6.55 0.23 
IQR 6.8-11.76 5.32-9.19  
 
Factor 3 Additional sensations and near fixation 
 
Median 4.06 3.73 0.36 
IQR 3.73-5.05 3.73-4.95  
 
Factor 4 Physical discomfort and far fixation 
 
Median 2.17 2.17 0.54 
IQR 2.17-3.43 2.17-2.90  
 
Table 6.3 Median factor scores for novice surgeon responses to the visual fatigue 
questionnaire following completion of the monoscopic and stereoscopic skills task in 
Experiment 1. 
 
There was a significant reduction in median (IQR) factor 4 scores (physical 
discomfort and fixation failure) following completion of the skills tasks (Experiment 
2) in stereosocpc compared to monoscopic mode for experienced surgeons in 
Experiment 2 (2.42 (2.17-2.88) vs. 3.08 (2.17-3.44) p=0.03). This difference is 
attributed to a single participant outlier who reported significantly higher factor 4 
scores. All other factor scores were similar (Figure 6.4 and Table 6.4). 
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Figure 6.4. Normal plots for experienced surgeon’s factor scores (2D=monoscopic, 
3D=stereoscopic). 
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Median factor scores for experienced surgeons 
 
  
Monoscopic 
 
 
Stereoscopic 
 
 
p 
 
Factor 1 Local eye symptoms and nausea 
 
Median 7.20 6.11 0.07 
IQR 4.99-10.31 5.01-7.63  
 
Factor 2 Attention impairment and far fixation 
 
Median 5.52 5.06 0.09 
IQR 4.80-6.60 4.80-5.84  
 
Factor 3 Additional sensations and near fixation 
 
Median 4.70 3.73 0.07 
IQR 3.37-6.65 3.73-5.84  
 
Factor 4 Physical discomfort and far fixation 
 
Median 3.08 2.42 0.03 
IQR 2.17-3.44 2.17-2.88  
 
Table 6.4 Median factor scores for novice surgeon responses to the visual fatigue 
questionnaire following completion of the monoscopic and stereoscopic skills task in 
Experiment 1. 
 
There was no significant difference in factor 1-4 scores for participants viewing 66 
minutes 50 secs of surgical footage at 0, 30, 60 and 90 minutes following 
monoscopic compared to stereoscopic viewing in Experiment 3 (Figure 6.5 to 6.8 
and Tables 6.5 to 6.8). 
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Figure 6.5. Normal plots for Factor 1 scores (local eye symptoms and nausea) reported in 
Experiment 3 (2D=monoscopic, 3D=stereoscopic). 
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Factor 1 scores - Local eye symptoms and nausea 
 
  
Monoscopic 
 
 
Stereoscopic 
 
p 
 T0 T0  
Median 6.36 5.79  
IQR 5.15-7.58 5.1-7.38 1.00 
    
 T30 T30  
Median 5.15 4.46  
IQR 4.46-5.74 4.46-5.13 0.08 
    
 T60 T60  
Median 4.46 4.46  
IQR 4.46-5.74 4.46-5.62 0.42 
    
 T90 T90  
Median 4.46 4.46  
IQR 4.46-5.12 4.46-6.53 0.79 
 
Table 6.5 Factor 1 scores (local eye symptoms and nausea) reported in Experiment 3 
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Figure 6.6. Normal plots for Factor 2 scores (attention impairment) reported in Experiment 3 
(2D=monoscopic, 3D=stereoscopic). 
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Factor 2 scores - Attention impairment 
 
  
Monoscopic 
 
 
Stereoscopic 
 
P 
 
 T0 T0  
Median 5.18 5.56  
IQR 4.80-5.75 5.46-6.12 0.24 
    
 T30 T30  
Median 4.80 4.80  
IQR 4.80-5.38 4.80-5.11 0.29 
    
 T60 T60  
Median 4.80 4.80  
IQR 4.80-4.80 4.80-4.80 0.32 
    
 T90 T90  
Median 4.80 4.80  
IQR 4.80-4.80 4.80-4.80 1.00 
 
Table 6.6 Factor 2 scores (attention impairment) reported in Experiment 3 
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Figure 6.7. Normal plots for Factor 3 scores (additional sensations and near fixation) 
reported in Experiment 3 (2D=monoscopic, 3D=stereoscopic). 
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Factor 3 scores - Additional sensations and near fixation 
 
  
Monoscopic 
 
Stereoscopic 
 
p 
 
 T0 T0  
Median 5.10 4.59  
IQR 3.73-5.52 4.23-5.79 0.48 
    
 T30 T30  
Median 3.73 3.73  
IQR 3.73-3.90 3.73-3.73 0.65 
    
 T60 T60  
Median 3.73 3.73  
IQR 3.73-3.73 3.73-3.73 0.32 
    
 T90 T90  
Median 3.73 3.73  
IQR 3.73-3.73 3.73-3.73 0.32 
 
Table 6.7 Factor 3 scores (additional sensations and near fixation) reported in Experiment 3 
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Figure 6.8. Normal plots for Factor 4 scores (physical discomfort and far fixation failure) 
reported in Experiment 3 (2D=monoscopic, 3D=stereoscopic). 
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Factor 4 scores - Physical discomfort and far fixation failure 
 
  
Monoscopic 
 
Stereoscopic 
 
p 
 
 T0 T0  
Median 2.17 2.17  
IQR 2.17-2.35 2.17-3.07 0.10 
    
 T30 T30  
Median 2.17 2.17  
IQR 2.17-2.17 2.17-2.17 0.66 
    
 T60 T60  
Median 2.17 2.17 0.30 
IQR 2.17-2.17 2.17-2.17  
    
 T90 T90  
Median 2.17 2.17  
IQR 2.17-2.17 2.17-2.17 1.00 
 
Table 6.8 Factor 4 scores (physical discomfort and far fixation failure) in Experiment 3  
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Discussion 
Based on findings from the literature review, it was anticipated that fatigue scores 
would be greater following stereoscopic compared to monoscopic viewing. In 
Experiment 1, time to complete tasks 1-4 was significantly lowered during 
stereoscopic compared to monoscopic mode for novice surgeons (4522.7 seconds 
(s.e.m 316.8) and 7048.2 seconds (s.e.m 528.6) respectively). This difference in 
viewing duration needs to be considered when interpreting novice surgeon 
responses to the visual fatigue questionnaire. The reduction in viewing duration 
could bias visual fatigue responses to generate more favourable outcomes 
following the stereoscopic skills session.  
 
Factor 1 (local eye symptoms and nausea) made up the majority (32.5%) of the 
total variance of the responses to the questionnaire. Despite the reduction in 
viewing duration novice surgeons reported increased local eye symptoms and 
nausea scores when performing tasks 1-4 in stereoscopic compared to 
monoscopic mode (5.08 (5.08-5.76) v 4.46 (4.46-5.19), p=<0.01). 
 
Similarly, experienced surgeons also performed tasks 1-4 significantly faster in 
stereoscopic compared to monoscopic mode. However unlike novices, there was 
no difference in factor 1 scores following completion of the skills tasks with either 
viewing mode. Due to the small sample size, which was not powered to detect 
differences in fatigue scores it is possible that a type 2 error is present. 
 
The increased path length, grasping frequency and a reduction in motion 
smoothness imply that novices would have fixated an increased range of disparity 
magnitudes during the stereoscopic skills tasks. Attending to an increased number 
of locations in different depth planes with conflicting accommodation and 
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convergence stimuli may account for the increase in factor 1 visual fatigue scores 
reported. Experienced surgeons performed the tasks with greater economy of 
movement and it is likely that the disparity stimuli fixated during the skills tasks 
would be reduced compared to novices, minimising accommodation convergence 
conflict. The data suggest that the potential for developing visual fatigue is present 
when learning to perform stereoscopic minimally invasive surgery but is diminished 
once proficiency is established. This finding is also supported by the significant 
reduction in NASA TLX workload ratings when experts performed skills tasks in 
stereosocpic compared to monoscopic mode (Figure 4.20). In Chapter 7, an 
experiment will be presented that considers this issue further and investigates 
whether novices would have performed more fixations using the stereoscopic 
display compared to experienced surgeons.  
 
Experienced surgeons factor 4 scores (physical discomfort and far fixation failure) 
were significantly increased following monoscopic compared to stereoscopic mode 
(3.08 v 2.42, p=0.03). Physical discomfort and far fixation failure made up the 
minority (6.6%) of the total variance of the responses to the questionnaire and its 
importance is diminished compared to other factors. The difference observed is 
attributed to a single participant outlier. All other factors scores were similar. Tasks 
took longer to perform in monoscopic compared to stereoscopic mode. The 
median (IQR) time for experienced surgeons completion of the skills tasks was 
1636s (1375-2044) using stereoscopic and 2511s (1966-3537) using monoscopic 
mode. This difference may explain the discrepancy in physical discomfort and far 
fixation failure for the participant outlier when performing the skills tasks, as there 
was no significant difference in all factors scores when viewing duration was 
equivalent for both viewing conditions in Experiment 3. 
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This study has several limitations. Participants had to fixate on the display in order 
to complete the skills tasks in Experiment 1 and 2. During Experiment 3 
participants may have focused on regions other than the display at points during 
the 66 min viewing task. There was no mechanism to ensure that participants 
viewed the surgical images throughout the duration of the experiment. 
Incorporating a dynamic task has been used in recent studies to help promote 
continuous participant fixation e.g. real time fatigue measurement by key press or 
use of eye tracking to detect deviation of fixation from the display.  
 
Responses from the fatigue questionnaire indicate potential for increased levels of 
visual fatigue if time parallel stereoscopic displays are used during the learning 
phase. This is likely to originate from exposure to an increased magnitude and 
velocity of disparity cues generated by increased instrument activity during task 
execution. However, surgeons with established proficiency and improved economy 
of movement did not experience an increase in fatigue when performing 
stereoscopic minimally invasive surgical skills. Overall, there was no difference in 
subjective indicators of visual fatigue for participants viewing monoscopic vs. 
stereoscopic minimally invasive surgery containing the magnitude and velocity of 
disparity cues generated by an experienced surgeons performance of a typical day 
case length procedure. 
 
The tasks performed during Experiment 1 and 2 were simplistic and did not contain 
the range and magnitude of visual stimuli perceived during minimally invasive 
surgical procedures. It is possible that an increased range of disparity cues 
generated by dynamic camera motion may significantly influence participants 
fatigue questionnaire responses. More complex simulated tasks could have been 
included in this study to further assess this issue, including performance of 
procedural components such as intracorporeal sutured bowel anastomosis or 
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cholecystectomy using animal tissue and a range of reproducible synthetic models 
that are available to simulate common procedures e.g appendicectomy. Fatigue 
responses obtained during Experiment 3 were associated with performance of a 
perceptual viewing task. The addition of increased cognitive workload present 
during complex execution tasks may be associated with increased fatigue 
responses for both novice and experienced surgeons when performing minimally 
invasive surgery. Future trials investigating the impact of time parallel polarizing 
displays in clinical settings should obtain visual fatigue responses from 
participants, as significant adverse visual sypmtoms have previously been the 
primary hinderence to use of this technology.   
 
 
 
 
Chapter 7 
 
Psychophysical performance 
during stereoscopic visual search 
tasks 
 
Experiment 4 
 
Introduction 
Surgeons frequently scan operative images to identify important structures during a 
minimally invasive procedure e.g. while searching for a swab, bleeding vessel or an 
important anatomical structure, such as the ureter. The surgeon may attend to a 
number of irrelevant regions of the display before confidently identifying the 
intended target and continuing with the procedure. The efficiency of the surgeon’s 
visual search is partly determined by the salience of the target compared to 
distracting items within the scene. Salient object features including colour, 
orientation, size and motion have been investigated using both monoscopic 
displays and computer generated stereoimages.  
 
Aim 
The purpose of this experiment was to investigate the influence of disparity cues on 
visual attention using a time parallel stereoscopic display. The influence of target 
disparity on psychophysical performance during visual search tasks was identified. 
 
 
Chapter 7 Psychophysical performance during stereoscopic visual search tasks 
161 
Method 
20 participants were recruited from a population of medical students and 
foundation trainee junior doctors attending regular teaching sessions in the 
Postgraduate Medical Education Centre within the Royal Surrey County Hospital 
and Faculty of the Minimal Access Therapy Training Unit. Each participant 
completed a colour vision assessment using the Rila software ischihara colour 
vision test. Visual acuity and stereoacuity was also assessed using a Snellen chart 
and Titmus Fly Stereotest respectively. Participants wore previously prescribed 
corrective lenses throughout the experiment and passive polarising eyewear.  
 
Each participant performed 3 visual search tasks using monoscopic and 
stereoscopic viewing modes (6 visual search tasks in total). The objective was to 
search and fixate upon a designated target among distracting objects displayed on 
a series of separately displayed grids. Each visual search task contained 23 unique 
grids. The order of the 6 visual search tasks was randomised by computer 
programe. When each grid was displayed, participants were asked to confirm the 
presence or absence of the target as quickly as possible by key press.  
 
The 3 visual search tasks had unique visual targets generated using 3mm red and 
blue electronic screws. Target features were colour (C) orientation (O) or 
conjunction (CO), a combination of colour and orientation.  
 
• For the colour task (C), the target was blue and all distractors were red. 
• For the orientation (O) task both targets and distractors were red 
• For the conjunction (CO) task, the target was blue and the distractors were either 
red or blue. 
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Orientation was defined as horizontal or vertical depending on the position of the 
driver groove of the target screw.  
 
• The targets and distractors were orientated vertically in the colour task.  
• For the orientation tasks, targets were horizontal and distractors were vertically 
aligned. 
• For the conjunction task, targets were blue and orientated horizontally. 
Distractors were a combination of blue vertical, red horizontal and red vertical 
(Table 7.1) 
 
 
Search Task 
 
Target 
 
Distractor features 
 
 
Colour (C) 
 
blue vertical 
 
red vertical 
 
 
Orientation (O) 
 
red horizontal 
 
 
red vertical 
 
Conjunction (CO) 
 
 
blue horizontal 
 
red vertical, red horizontal, blue vertical 
 
Table 7.1 Target features for each visual search task. 
 
 
Each grid consisted of a 9 horizontal rows x 5 vertical columns providing 45 unique 
target/distractor locations. Row locations were labeled according to equal 
increasing distance from the stereoendoscope (1= furthest, 9=nearest). Columns 
were labeled 1-5 from left to right (Figure 7.1). The distance between adjacent 
horizontal rows and vertical columns was 5mm. Each grid location was labeled 
according to 
 
• Search task (c=colour/o=orientation/co=conjunction) 
• Viewing condition (2D=monoscopic, 3D=stereoscopic) 
• Set size (s = 9,15 or 45) 
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• Row (r = 1 to 9) 
• Column (c = 1 to 5) 
• N=target absent 
 
 
 
Figure 7.1 Examples of search grids used in the visual search tasks. a) monoscopic 
conjunction visual search, the target is present in a set size of 45 at location row 6, column 1 
and b) stereoscopic visual colour search, the target is absent in a set size of 45. 
 
The monoscopic and stereoscopic grids were recorded using the method 
described in Chapter 4. The stereoendoscope was secured at a fixed distance 
during image capture so that row 5 was positioned at its focal length. Objects in 
rows 1-4 had uncrossed disparities. Objects in rows 6-9 had crossed disparities.  A 
total of 207 stereoscopic and 207 monoscopic unique grid images were generated. 
 
Set size is the total number of objects in each grid e.g. a set size of 9 could equal 1 
target + 8 distractors if the target was present or 9 distractors if the target was 
absent. For set size 9, targets and distractors were placed in rows 1,5 and 9 and 
columns 1, 3 and 5 on the grid. For set size 15, targets and distractors were placed 
in rows 1,3,5,7,9 and columns 1, 3 and 5 on the grid. For set size 45, targets and 
distractors were placed in all columns (1-5) and all rows (1-9) on the grid.  The 207 
monoscopic and 207 stereoscopic grids contained 
 
Set size 9 = 9 colour + 9 orientation + 9 conjunction target locations 
Set size 15 = 15 colour + 15 orientation + 15 conjunction target locations 
Set size 45 = 45 colour + 45 orientation + 45 conjunction target locations 
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Monoscopic and stereoscopic grid images where the target was absent were also 
generated for colour, orientation and conjunction search tasks for set sizes 9, 15 
and 45.  
 
The aim of the experiment was to establish the influence of disparity when 
participants performed colour, orientation and conjunction searches. Targets in 
rows 1 to 4 had uncrossed disparity and targets in rows 6 to 9 had crossed 
disparity. The 23 grids for each search task were selected to ensure they contained 
an equal number of targets on distinct rows but at random column locations, for 
each set size. This prevented participants being able to predict the target location.  
 
Therefore, each visual search contained; 
 
• 3 grids for set size 9 (selected from grids with targets present in rows 1, 5 and 9 
randomised for column location) 
• 5 grids from set size 15 (selected from grids with targets present in rows 1, 3, 5, 7 
and 9 randomised for column location) and  
• 9 grids from set size 45 (selected from grids with targets present in rows 1-9 
randomised for column location) 
 
For each visual search, 17/23 selected grids had a target present among 
distractors. In the remaining 6/23 selected grids, the target was absent (Table 7.2). 
The presentation of the 23 grids was randomised during each visual search.   
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Set size 
 
Targets: 
Distractors ratio 
 
Number of target 
present trials  
 
Number of target absent 
trials  
9 1:8 3 2 
15 1:14 5 2 
45 1:44 9 2 
Total grids  17 6 
 
Table 7.2 The distribution of set size, target present and target absent trials for each visual 
search task is illustrated. 
 
Participants used a fixed chin and forehead rest to minimise movements during the 
experiment. The time parallel stereoscopic display described previously in Chapter 
4 was used to display the monoscopic and stereosocpic visual search tasks placed 
180cm from the participant. The optical axis was aligned with the centre of the 
screen (Figure 7.2). 
 
 
 
Figure 7.2 Illustration of the experimental set up. Participants viewed the display supported 
by a fixed chin rest during data acquisition. The Eyelink 1000 (SR Research, Ontario, 
Canada) was used to obtain eye movement data of the participants during each visual 
search task. 
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Description of the calibration procedure 
All participants performed a calibration procedure immediately before the practice 
trials and experimental visual search tasks. An Eyelink 1000 infrared camera (SR 
Research, Ontario, Canada) was aligned with the participants left pupil. Participants 
were then asked to fixate on a marker that appeared at random points on a nine-
point grid until all positions on the grid were fixated. Successful calibration required 
an average fixation error of <0.5° visual angle of the grid location. Participants 
repeated the process to validate the calibration prior to commencing each visual 
search task (Figure 7.3). 
 
 
 
Figure 7.3 The Eyelink 1000 (SR Research, Ontario, Canada) calibration procedure uses an 
infrared video camera to align the pupil and ensure drift correction error is <0.5° visual 
angle. 
 
Deploying the experiment 
EyeLink 1000 experimental builder software (SR Research, Ontario, Canada) was 
used to generate and deploy each of the visual search tasks described above. 
Code to interface with experimental builder and enable deployment was written by 
Dr Shuichi Taya in the Centre for Vision Speech and Signal Processing (CVSSP) 
within the Faculty of Engineering and Medical Sciences at the University of Surrey. 
Appendix 4 contains the .ebd files used to deploy the visual search tasks. 
Participants performed practice sessions for the colour, orientation and conjunction 
searches in random order. Practice sessions consisted of a calibration procedure 
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followed by 10 randomly selected monoscopic grids. Participants first viewed 
instructions for the experiment and were shown an illustration of the target. Witten 
instructions for the visual search task were presented e.g. ‘Identify and fixate on 
the target in the following images as quickly as possible. The target is a “blue 
screw” as shown. If you think that the target is present press F. If you think that the 
target is absent press J. Decide and press the relevant key as quickly as possible. 
Following the key press the next image will appear’. A fixation cross in the centre of 
the display was then presented to ensure that all participants’ eye position was 
standardised at the beginning of each visual search task. The practice search was 
then deployed. Following each practice trial a feedback screen indicated whether 
the key press was correct or incorrect before the next trial. 
 
Following a successful calibration procedure the 6 experimental visual search tasks 
were then performed in random order. The instructions were the same as the 
corresponding practice visual search task except the 23 grids were presented 
without feedback. Each participant’s eye movement data was recorded following 
the presentation of each grid image to the key-press response. 920 grids were 
presented to the participants in total. 
 
Statistical Analysis 
Fixation and saccade data were normally distributed. A paired t-test was used for 
comparison, after SPSS analysis of frequency and distribution.  
 
Results 
Each participant had complete colour vision facility and corrected visual acuity of 
20:20. Data for all 20 participants for the 6 visual searches were analysed.  
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Figure 7.4 to 7.7 illustrates the mean reaction time (ms), fixation count, fixation 
duration (ms) and saccade amplitude (degsVA) for all participants in each visual 
search task for set sizes 9, 15 and 45. 
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Figure 7.4 Mean reaction time (ms) for each set size for the 6 visual search tasks a) colour 
search, b) orientation search and c) conjunction search (2D=monoscopic, 3D=stereoscopic). 
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Figure 7.5 Mean fixation count time for each set size for the 6 visual search tasks a) colour 
search, b) orientation search and c) conjunction search (2D=monoscopic, 3D=stereoscopic).  
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Figure 7.6 Mean fixation duration time for each set size for the 6 visual search tasks a) colour 
search, b) orientation search and c) conjunction search (2D=monoscopic, 3D=stereoscopic).  
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Figure 7.7 Mean saccade amplitude for each set size for the 6 visual search tasks a) colour 
search, b) orientation search and c) conjunction search (2D=monoscopic, 3D=stereoscopic).  
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Table 7.3 illustrates the reaction time, fixation count, fixation duration and saccade 
amplitude data for all participants during all monoscopic and stereoscopic colour, 
orientation and conjunction visual searches. 
 
 
Reaction time (ms) 
 
  
Colour 
 
Orientation 
 
Conjunction 
 
 Mono Stereo Mono Stereo Mono Stereo 
N 460 460 460 460 416 460 
Mean 823 777 2669 2614 2268 2187 
S.E.M 16 13 76 77 55 52 
p 0.02 0.37 0.02 
 
Fixation count 
 
  
Colour 
 
 
Orientation 
 
 
Conjunction 
 
 Mono Stereo Mono Stereo Mono Stereo 
N 460 460 460 460 416 460 
Mean 3.6 3.4 11.5 11.3 9.8 9.1 
S.E.M 0.1 0.1 0.3 0.3 0.2 0.2 
p 0.08 0.67 0.01 
 
Fixation duration (ms) 
 
  
Colour 
 
 
Orientation 
 
 
Conjunction 
 
 Mono Stereo Mono Stereo Mono Stereo 
N 460 460 460 460 416 460 
Mean 211.7 215.4 195.8 200.5 202 197.5 
S.E.M 3.6 4.1 1.9 2.3 2 1.9 
p 0.42 0.06 0.48 
 
Saccade amplitude (degsVA) 
 
  
Colour 
 
 
Orientation 
 
 
Conjunction 
 
 
 Mono Stereo Mono Stereo Mono Stereo 
N 449 450 456 457 411 458 
Mean 5.5 5.4 5.5 5.1 4.9 5 
S.E.M 0.1 0.1 0.1 0.1 0.1 0.1 
p 0.22 <0.01 0.85 
 
Table 7.3 Fixation data for all participants during monoscopic and stereoscopic colour, 
orientation and conjunction visual search, p values obtained using the paired t test. 
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Overall, there was a significant reduction in mean (SEM) reaction time (ms) for 
stereoscopic compared to monoscopic colour search (777 (13) vs. 823 (16), 
p=0.02) and conjunction search (2187 (52) vs. 2268 (55), p=0.02) searches. There 
was no difference in mean reaction time for monoscopic and stereoscopic 
orientation search. 
 
There was a significant reduction in mean (SEM) number of fixations required to 
confirm the presence of absence of stereoscopic compared to monoscular 
conjunction targets (9.1 (0.2) vs. 9.8 (0.2), p=0.01). The mean fixation duration (ms) 
was similar during monoscopic and stereoscopic searches. There was a significant 
reduction in mean saccade amplitude during stereoscopic orientation search. 
 
Targets were more difficult to identify as set size increased for both orientation and 
conjunction search. This was reflected by an observed increase in reaction time 
and fixation count. In contrast, reaction time and fixation count decreased with 
increasing set size during colour search. This indicates that colour targets became 
increasingly salient as the number of nearby distractors increased during both 
stereoscopic and monoscopic searches. This finding is in keeping with existing 
knowledge of visual search indicating that salient target features are pre-attentively 
processed in parallel. In contrast, target identification took longer for increasing set 
size during orientation and conjunction search. The significant increase in fixation 
count for orientation and conjunction search indicates that targets were identified 
by conscious deployment of attention during serial search. The efficiency of 
conjunction search was significantly improved by the presence of disparity cues.  
 
Figure 7.8 illustrates an example of a gaze plot for set size 45 conjunction with the 
target located at row 5, column 1. The gaze pattern indicates that participants 
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performed serial searches whereas colour search used pre-attentive processing 
due to increased salience of the target. 
 
Figure 7.8 Example of a gaze pattern obtained during monoscopic conjunction visual search 
for set size 45. 
 
Does the magnitude disparity influence visual search? 
The visual search tasks were designed to present targets with different disparities 
during stereoscopic search. Targets were located on one of 9 rows within each 
search grid at increasing distance from the stereoendoscope. The centre of row 5 
was positioned at the focal point of the stereoendoscope. Foreground rows 6-9 
had crossed disparity. Far-ground rows 1-4 had uncrossed disparities. Reaction 
time and fixation count during each visual search were analysed for targets located 
on rows 1-9 for all set sizes to determine the impact of target disparity on search 
efficiency. There was no significant difference in reaction time for colour search at 
different disparity gradients. Colour targets were pre-attentively processed and 
search efficiency was not influenced by disparity. There was no improvement in 
reaction time and fixation count for orientation feature search with increasing 
disparity. Figure 7.9 illustrates reaction time and fixation count for rows 1-9 for 
conjunction visual search with set sizes 9, 15 and 45 during monoscopic and 
stereoscopic modes. Row 0 indicates the results for target absent trials.  
 
Chapter 7 Psychophysical performance during stereoscopic visual search tasks 
176 
 
Figure 7.9 Mean reaction time and fixation count for monoscopic and stereoscopic 
conjunction visual search, a+b) set size 9, c+d) set size 15 and e+f) set size 45. Row 0 
indicates the target was absent (2D=monoscopic, 3D=stereoscopic). 
 
There was an expected increase in reaction time and fixation count during target 
absent trials compared to target present trials. This reflects the additional time and 
attention deployment required to confidently confirm the absence of a target. 
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There was no difference in reaction time or eye movement characteristics for 
crossed disparity conjunction targets in set size 9 (Table 7.4). Set size 9 searches 
were relatively efficient due to the small number of distractors in the search grid. 
Mean reaction time for stereoscopic vs. monoscopic search was 1509ms and 
1775ms respectively (p=0.09). As set size and number of distractors increased, the 
complexity of conjunction search also increased For set sizes 15 and 45, there 
were significant reductions in reaction time and fixation count required to located 
crossed disparity conjunction targets. Crossed disparity improved search efficiency 
for difficult conjunction search.   
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Row 9, Set size 9 conjunction search 
 
  Mean N S.E.M p 
Response 
time (ms) 
Monoscopic 1775 20 99.9  
Stereoscopic 1509 20 97 0.089 
Fixation 
Count 
Monoscopic 7.55 20 0.6  
Stereoscopic 6.5 20 0.5 0.207 
 
 
Row 9, Set size 15 conjunction search 
 
  Mean N S.E.M p 
Response 
time (ms) 
Monoscopic 1981 20 97.3  
Stereoscopic 1689 20 85.6 0.008 
Fixation 
Count 
Monoscopic 9.1 20 0.5  
Stereoscopic 7.7 20 0.4 0.019 
 
 
Row 8, Set size 45 conjunction search 
 
  Mean N S.E.M p 
Response 
time (ms) 
Monoscopic 2338 20 228.9  
Stereoscopic 1919 20 249.4 0.23 
Fixation 
Count 
Monoscopic 10.4 20 1.0  
Stereoscopic 8.35 20 1.1 0.18 
 
 
Row 9, Set size 45 conjunction search 
 
  Mean N S.E.M p 
Response 
time (ms) 
Monoscopic 3295 20 275.4  
Stereoscopic 2229 20 187.5 <0.01 
Fixation 
Count 
Monoscopic 15.2 20 1.2  
Stereoscopic 9.9 20 0.8 <0.01 
 
Table 7.4 Mean response time and fixation count for monoscopic and stereoscopic 
conjunction visual searches for rows 7-9 (containing targets with crossed disparities). 
 
Overall these data indicate that disparity enhances recognition of conjunction 
targets combining colour and orientation features and influences deployment of 
attention during visual search tasks. 
 
A region of interest label was applied to rows 8 and 9 representing regions of 
crossed disparity for each of the 460 grids. Region of interest fixation dwell time 
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(ms) were calculated for all monoscopic and stereoscopic searches. Figure 7.10 
illustrates an example gaze plot for fixation activity during a monoscopic search 
and the corresponding region of interest label applied to rows 8 and 9.  
 
 
Figure 7.10 Region of interest label applied to the visual search grids overlaying rows 8 and 
9 with crossed disparity. 
 
The region of interest label was then applied to conjunction search set size 45 
(searches that were enhanced by target disparity). There was no significant 
difference in the mean (SEM) fixation dwell time (ms) in regions of increased 
crossed disparity for monoscopic and stereoscopic search (211.8 (9.5) vs. 222.7 
(11.1), p=0.503). This data indicates that eye movement behaviour is distributed 
throughout the search array similarly in monoscopic and stereoscopic searches.  
 
Discussion 
This experiment investigated the impact of disparity on the efficiency of visual 
search. Established features of visual search were reproduced in both monoscopic 
and stereoscopic viewing environments. Reaction time increased with the 
complexity of the search task in both monoscopic and stereoscopic modes. For 
parallel search, salient features of the target allowed rapid identification in both 
viewing modes. Participants were able to identify difficult conjunction targets more 
efficiently if crossed disparity cues were present. The increased efficiency of 
stereoscopic visual search was reflected by a reduction in reaction time and a 
significant reduction in fixation count prior to target identification. Minimally 
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invasive surgeons need to maintain global image perception and react to events 
that are occurring throughout the entire operative field projected on the display. 
Automatically prioritising attention towards foreground structures with crossed 
disparity could be distracting or even hazardous. When a region of interest label 
was applied to the foreground objects during visual search there was no difference 
in the fixation dwell time within the region of crossed disparities compared to the 
remainder of the search scene. The reaction times for complex stereoscopic 
searches indicate that search is being performed quicker but the global distribution 
of fixations is not directed by the presence of crossed disparities. Participants did 
not preferentially fixate on crossed disparity regions but did identify stereoscopic 
targets quicker using fewer fixations.  
 
Most studies evaluating the impact of disparity on visual search utilise computer-
generated icons. Such targets do not reflect the range of visual cues obtained from 
real objects during everyday search. In this experiment real objects were captured 
using a stereoendoscope to represent the target and distractor objects. Although 
the visual search task did not reproduce the complex environment of a surgical 
scene, it incorporated the image quality and range of disparities that could be 
encountered during stereoscopic minimally invasive surgery. The results indicate 
that viewing stereoscopic stimuli during simple search tasks can influence visual 
perception. The visual search used in this experiment is a simple representation of 
complex search behaviours that consume cognitive and physical resources during 
minimally invasive surgery. Improving the efficiency of visual search may help 
combat one factor that contributes to the development of visual fatigue during long 
procedures.  
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The next experiment expands on these findings and investigates if attention 
deployment is influenced by disparity when viewing complex stereoscopic surgical 
scenes.
Chapter 8 
 
Investigating attention deployment 
during stereoscopic minimally 
invasive surgery 
 
Experiment 5a - Eye movement behaviour 
during stereoscopic viewing 
 
Introduction 
The previous experiment identified the impact of disparity on visual attention during 
simple visual search tasks. During minimally invasive surgery, it was hypothesised 
that experienced surgeons attention would be similar during monoscopic and 
stereoscopic viewing. It was predicted that experienced surgeons will intentionally 
fixate on a limited region of the display and not be distracted by the presence of 
disparity cues. Conversely it was anticipated that novice surgeon’s would 
demonstrate exploratory search behaviour during stereoscopic viewing due to the 
novel nature of the visual stimuli. 
 
Aim 
The purpose of the following experiments in this chapter was to determine if 
disparity cues influence attention deployment for experienced and novice surgeons 
viewing stereoscopic surgery. 
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Method 
10 experienced and 10 novice surgeons participated in this experiment. 
Participants were recruited from a population of medical students and foundation 
trainee junior doctors attending regular teaching sessions in the Postgraduate 
Medical Education Centre within the Royal Surrey County Hospital and Faculty of 
the Minimal Access Therapy Training Unit. Each participant viewed 10 surgical still 
images (VS1-10) in monoscopic and stereoscopic mode for 10 seconds. 
Participants were randomised to view the images using monoscopic followed by 
stereoscopic mode or in the reverse order. Participants wore passive polarising 
eyewear during both viewing sessions. A chin-rest was used to stabilise the 
observer’s head position. The image sequence presentation was also randomised 
by computer program once the viewing session had been initiated. While viewing, 
participants were asked to identify the anatomical structures present at the 
dissection site. For the second component of the experiment, participants viewed 
10 motion sequences of minimally invasive surgery (MS1-10). Participants were 
instructed to closely observe the tip of the instrument performing the dissection 
and to evaluate the experience of the operating surgeon at the end of each 
sequence (10=highly skilled, 1=unskilled). Each motion sequence was 10 seconds 
duration. An illustration of the experimental set up is shown in Figure 8.1. 
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Figure 8.1 Illustration of the experimental set up. 
 
The footage for the motion sequences were obtained from a series of edited 
surgical procedures described in the Table 8.1 below. 
 
 
Sequence 
 
 
Procedure 
1 Posterior total mesorectal excision 
2 Left lateral total mesorectal excision dissection 
3 Distraction of the rectum 
4 Right lateral total mesorectal excision 
5 Adrenal vein clipping 
6 Adrenal vein cutting 
7 Adrenal gland dissection 
8 Colposuspension - suturing 
9 Laparoscopic inguinal tep hernia repair 
10 Low total mesorectal excision - retraction and exposure 
 
Table 8.1 Description of the surgical motion sequences viewed by the participants. 
 
 
Sequences 1-4 and 10 were performed using the da Vinci robotic system (Intuitive 
Surgical Inc, California, USA). Sequences 5-9 were performed using the Viking 
3DHD laparoscopic system (Viking Systems, Westborough, USA). MS1-10 were 
edited from original recordings using the procedure outlined in Chapter 4. VS1-10 
images were composed of the first frame of MS1-10. Each participant completed 
the calibration procedure outlined in Experiment 4 before viewing VS1-10 prior to 
viewing MS1-10 in monoscopic and stereoscopic mode or the reverse order. A 
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fixation cross was presented on the display screen immediately prior to each 
viewing session. Data were captured using the Eyelink 1000 (SR Research, Ontario, 
Canada) according to a customised experimental builder program generated in 
conjunction with supervision from the Centre for Vision Speech and Signal 
Processing, Faculty of Engineering and Medical Sciences (Appendix 5). EyeLink 
Data Viewer software (SR Research, Ontario, Canada) was used to generate gaze 
maps with fixation and saccade activity overlaying the image landscape for all 
participant trials while viewing VS1-VS10 and the initial frame of MS1-MS10. A 
fixation was recorded if dwell time was greater than 100ms. A saccade was 
recorded when a velocity threshold of gaze exceeded 30 degrees per second. This 
allowed detection of saccades of 0.3° degrees visual angle and above.  
 
Statistical Analysis 
The Eyelink 1000 data viewer software (SR Research, Ontario, Canada) was used 
to calculate fixation dwell times (ms) and saccade peak velocity (degsVA/s) for each 
trial. Data for both experienced and novice groups viewing VS1-10 and MS1-10 
were not normally distributed. A wilcoxon signed ranks test was used to assess if 
there was a significant difference between median eye movements of the 
participants during the monoscopic and stereoscopic viewing sessions. 
 
Results 
Each participant had corrected visual acuity of of 20:20 and stereo acuity 
thresholds of 50 seconds of arc recorded using the Snellen and Titmus fly test 
respectively.  
 
Figure 8.2 illustrates fixation count for novice and experienced surgeons viewing 
VS1-10 combined in monoscopic and stereoscopic modes. Median (IQR) total 
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fixation count for novice and experienced surgeons viewing VS1-10 combined in 
monoscopic and stereoscopic modes respectively were 32.5 (28.25-34) v 32 (28-
35), p=0.52 and 33 (29-36) v 32 (28-35), p= 0.20. 
 
 
 
 
Figure 8.2 Box and whisker plot illustrating fixation count for novice and experienced 
surgeons viewing VS1-10 combined in monoscopic and stereoscopic modes 
(2D=monoscopic, 3D=stereoscopic). 
 
Figures 8.3 to 8.11 illustrate the median fixation dwell times (ms), saccade 
amplitude (degsVA) and saccade peak velocity (degsVA/s) for novices and 
experienced surgeons viewing VS 1-10 in monoscopic and stereoscopic modes. 
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Figure 8.3a. Normal plots for novice surgeon’s fixation dwell time viewing VS1-5 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.3b Normal plots for novice surgeon’s fixation dwell time viewing VS5-10 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.4a Normal plots for experienced surgeon’s fixation dwell time viewing VS1-5 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.4b Normal plots for experienced surgeon’s fixation dwell time viewing VS5-10 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.5 Median fixation dwell times (ms) for novice and experienced surgeons viewing VS 
1-10 in monoscopic and stereoscopic modes (2D=monoscopic, 3D=stereoscopic). 
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Figure 8.6a Normal plots for novice surgeon’s saccadic amplitude viewing VS1-5 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.6b. Normal plots for novice surgeon’s saccadic amplitude viewing VS5-10 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.7a Normal plots for experienced surgeon’s saccadic amplitude viewing VS1-5 
(2D=monoscopic, 3D=stereoscopic). 
 
 
Chapter 8 Visual attention and stereoscopic surgery  
 
195 
 
Figure 8.7b Normal plots for experienced surgeon’s saccadic amplitude viewing VS5-10 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.8 Median saccade amplitude (VA) for novice and experienced surgeons viewing VS 
1-10 in monoscopic and stereoscopic modes (2D=monoscopic, 3D=stereoscopic). 
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Figure 8.9a Normal plots for novice surgeon’s saccadic peak velocity viewing VS1-5 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.9b Figure 5.5 Normal plots for novice surgeon’s saccadic peak velocity viewing 
VS5-10 (2D=monoscopic, 3D=stereoscopic). 
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Figure 8.10a Normal plots for experienced surgeon’s saccadic peak velocity viewing VS5-10 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.10b Normal plots for experienced surgeon’s saccadic peak velocity viewing VS5-10 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.11 Median saccade peak velocity (degsVA/s) for novice and experienced surgeons 
viewing VS 1-10 in monoscopic and stereoscopic modes (2D=monoscopic, 
3D=stereoscopic). 
 
For 7/10 trials there was no significant difference in fixation dwell time for novices 
viewing monoscopic compared to stereoscopic mode. There was a significant 
increase in median (IQR) fixation dwell time (ms) during stereoscopic compared to 
monoscopic mode for novices viewing VS1 (256.5 (186-328) v 232 (189-309), 
p=0.22), VS3 (251 (192.3-328) v 228(178-292), p=0.007 and VS8 (292 (214-377) v 
261 (195-351), p=0.005). Novices exhibited a significant reduction in saccade 
amplitude during steresocopic compared to monoscopic viewing of VS2 (3.91 
(2.56-5.98) v 4.48 (2.54-7.33), p=0.003, VS3 4.01 (2.39-6.42) v 4.2 (2.74-7.09), 
p=0.012) and VS10.  Novices also exhibited a significant reduction in saccade peak 
velocity viewing VS1, VS2 and VS10. For 9/10 trials there was no difference in 
fixation dwell time for experienced surgeons in either viewing mode. Experienced 
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surgeons exhibited a significant increase in saccade peak velocity viewing VS5-6 in 
stereoscopic mode and a significant decrease in saccade peak velocity viewing 
VS1 and VS 8 in stereoscopic mode. Overall the analysis of eye movement 
behaviour failed to identify a significant relationship between novice and 
experienced surgeons fixation dwell time and saccade activity while viewing static 
monosocpic and stereoscopic surgical images. 
 
Fixation count was measured while novice and experienced surgeons viewed MS 
1-10 in monoscopic and stereoscopic modes. There was a significant increase in 
the median number of fixations for novices during stereosocopic (22, IQR 18.25-25) 
compared to monosocpic (20, (IQR 17-23), mode (p=0.008). There was no 
significant difference in fixation count when experienced surgeons viewed either 
mode.  
 
Novices also exhibited a significant increase in median (IQR) saccadic peak velocity 
when viewing stereoscopic MS1-10 (149.1(100-235.6)) compared to monoscopic 
MS1-10 (145.2, (93.3-221.9)) (p=0.021). There was no difference in saccadic peak 
velocity for experienced surgeons viewing MS1-10 in monoscopic versus 
stereoscopic mode. 
 
 
 
 
Experiment 5b - Visual saliency and attention 
deployment 
 
Introduction 
The differences in novice gaze distribution patterns may be due to the salient 
properties of stereoscopic and monoscopic visual stimuli. The following analysis 
evaluates the relative contribution of bottom-up and top-down visual attention 
during monoscopic and stereosocpic viewing.  
 
Method 
Fixation data for participants viewing VS1-10 and MS1-10 were converted to 
ground truth heat maps using coordinates of each fixation normalised for fixation 
using the histogram functionality of MatLab R2012a version 8.1.0.604. These 
outputs quantify the distribution and number of fixations across the images for the 
each participant. 10 established saliency filters were applied to VS1-10 and MS1-
10 to generate corresponding predicted salience maps for the original monoscopic 
and stereoscopic stimuli. In principle these can be regarded as characterising 
purely bottom up saliency according to their respective models. Code used to 
create ground truth heat maps and predictive salience models was generated by Dr 
David Windridge, in the Centre for Vision Speech and Signal Processing, Faculty of 
Engineering and Medical Sciences at the University of Surrey. A description of the 
saliency models used in this experiment is provided in Appendix 6.  
 
The visual behaviour patterns exhibited by participants during the experiment were 
generated by a combination of bottom-up and top down processes. Top-down 
saliency is characterised by intention driven behaviour and how it interacts with and 
overrides bottom-up saliency. Novices were unfamiliar with the surgical images 
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used in the experiment and consequently will be influenced by the bottom-up 
salient properties of the image while viewing monoscopic VS1-10 more than 
experienced surgeons. Novice surgeon data for monoscopic VS1-10 was used to 
identify which salience model was most representative of ground truth fixation data 
for this group. 10 saliency filters were used to generate predicted fixations 
according to the salience models described in Appendix 5. The minimum euclidean 
difference between the predicted saliency based heat maps and novice ground 
truth heat maps were calculated and compared for each viewing condition for VS1 
to VS10 and MS1-10. Once predicted salience has been removed the remaining 
visual behaviour in principle reflects the contribution of top-down intention driven 
attention. The difference between ground truth data and predicted salience was 
compared across all images for each saliency filter. This difference is referred to as 
Saliency Extracted Residual Data (SERD) data.  
 
Next, a predicted region of interest was developed according to the high-level task 
specification for VS1-10. The regions of interest image overlays for VS1-10 are 
illustrated below (Figure 8.12).  
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Figure 8.12. Regions of interest image overlay for VS1-10 used in salience extracted residual 
data and phase spectrum of quaternion fourier transform (SERD-PQFT) analysis. 
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Median SERD were calculated for experienced and novice surgeons viewing VS1-
10 and MS1-10 combined in monoscopic and stereoscopic modes across a range 
of conditions. These included SERD data for fixation count and fixation duration for 
experienced and novice surgeons viewing VS1-10 and MS1-10 and regions of 
interest dwell time for experienced and novice surgeons viewing VS1-10. 
 
Statistical Analysis 
Non-parametric SERD data for the 10 salience models was compared using the 
Kruskal-Wallis test. The phase spectrum of quaternion fourier transform (PQFT) 
salience model was selected to compare monoscopic and stereosocpic viewing 
sessions (SERD-PQFT). PQFT salience model data for both experienced and 
novice groups viewing VS1-10 and MS1-10 were not normally distributed. A 
wilcoxon signed ranks test was used to assess if there was a significant difference 
between median SERD-PQFT during the monoscopic and stereoscopic viewing 
sessions. 
 
Results 
There was no significant difference between the predicted fixation dwell times for 
VS1-10 generated from the 10 saliency maps once ground truth monoscopic 
novice VS1-10 data were removed i.e SERD data was similar irrespective of the 
saliency model applied (p=0.56, Kruskal-Wallis test). The saliency model selected 
detected consistent contributions of salient stimuli within the different visual scenes 
overall. The SERD data obtained for VS1-10 by using the PQFT salience filter 
(Saliency model 7 in Figure 8.13) was the closest to ground truth data with the 
lowest standard deviation when applied across all images. The SERD-PQFT 
derived data was therefore selected to compare the difference between 
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monoscopic and stereoscopic VS1-10 and MS1-10 for both novices and 
experienced surgeons.  
 
 
Figure 8.13. Fixation dwell time saliency extracted residual data (SERD) derived using 10 
salience models for novices viewing monoscopic VS1-10. There was no significant 
difference between SERD generated by the salience models used (p=0.56, Kruskal-Wallis 
test). 
 
A summary of the entire saliency model outputs is illustrated in Figures 8.14 to 
8.16. This visual representation illustrates the similarity between SERD data 
generated by application of the 10 salience models to novice surgeons 
monoscopic VS1-10 ground truth data.  
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Figure 8.14. Saliency extracted residual data (SERD) for each saliency model based on 
euclidean distance between saliency predicted heat map compared to ground truth for 
novice participants viewing monoscopic VS1-10 based on fixation. SERD-PQFT saliency 
data was selected to compare monoscopic and stereoscopic viewing conditions.  
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Figure 8.15. Saliency extracted residual data (SERD) based on euclidean distance between 
saliency predicted heat map compared to ground truth for monoscopic vs. stereoscopic 
VS1-10 combined. SERD is calculated for a number of conditions including Nov fix=novice 
fixation count, Nov dur=novice fixation dwell time, N dur R =novice fixation dwell per ROI, 
Exp fix=expert fiction count, Exp dur=expert fixation duration, E dur R=expert fixation dwell 
per ROI, E-N fix=Expert-Novice fixation count, N-E fix=Novice-Expert fixation count, E-N 
dur=Expert-Novice fixation duration and N-E dur=Novice-Expert fixation duration.  
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Figure 8.16. Saliency extracted residual data (SERD) based on euclidean distance between 
saliency predicted heat maps compared to ground truth for monoscopic vs. stereoscopic 
MS1-10 combined. SERD is calculated for a number of conditions including Nov fix=novice 
fixation count, Nov dur=novice fixation dwell time, N dur R =novice fixation dwell per ROI, 
Exp fix=expert fiction count, Exp dur=expert fixation duration, E dur R=expert fixation dwell 
per ROI, E-N fix=Expert-Novice fixation count, N-E fix=Novice-Expert fixation count, E-N 
dur=Expert-Novice fixation duration and N-E dur=Novice-Expert fixation duration.  
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Ground truth and PQFT derived heat maps illustrate the distribution of gaze 
normalised for fixation for novices viewing VS1-10 in monoscopic mode (Figure 
8.17).  
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Figure 8.17a Phase spectrum of quaternion fourier transform (PQFT) heat maps compared 
to ground truth monoscopic novice surgeon heat maps for VS1-5.  
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Figure 8.17b Phase spectrum of quaternion fourier transform (PQFT) heat maps compared 
to ground truth monoscopic novice surgeon heat maps for VS6-10.  
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The euclidean distance between PQFT and ground truth heat maps (PQFT-SERD) 
was compared to identify if there was a difference between monoscopic and 
stereoscopic viewing conditions. PQFT-SERD is a marker of the relative 
contribution of visual salience during viewing. High PQFT-SERD values indicate an 
increased relative contribution of conscious image exploration compared to bottom 
up pre-attentive behaviour (represented by low PQFT-SERD values).  
 
Figures 8.18 to 8.21 and Tables 8.2 and 8.3 illustrate the SERD-PQFT data for 
fixation count, fixation dwell time for all participants viewing VS1-10 and MS1-10 
and fixation per region of interest for participants viewing VS1-10. There was no 
significant difference in PQFT-SERD between monoscopic and stereoscopic 
viewing of VS1-10 and MS1-10 for fixation dwell time and fixation count generated 
heat maps for both novice and experienced surgeons. There was no significant 
difference in PQFT-SERD between monoscopic and stereoscopic viewing of VS1-
10 for regions of interest labeled heat maps for novices and experienced surgeons.  
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Figure 8.18 Normal plots for novice surgeon’s SERD-PQFT data for VS1-10 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.19 Normal plots for novice surgeon’s SERD-PQFT data for MS1-10 
(2D=monoscopic, 3D=stereoscopic). 
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Novice surgeons SERD-PQFT data  
 
 
Still Images (VS1-10) 
 
 Monoscopic Stereoscopic p 
Median Fixation Count 1.25E-03 1.4E-03 0.102 
LQR 1.08E-03 1.1E-03  
UQR 1.6E-03 1.63E-03  
Median Fixation Duration 1.35E-03 1.5E-03 0.223 
LQR 1.1E-03 1.1E-03  
UQR 1.7E-03 1.75E-03  
Median Fixation for ROI 2.2E-03 2.2E-03 0.755 
LQR 1.78E-03 1.7E-03  
UQR 2.58E-03 2.35E-03  
 
Motion Sequences (MS 1-10) 
 
 Monoscopic Stereoscopic p 
Median Fixation Count 2.55E-03 2.85E-03 0.200 
LQR 2.28E-03 2.35E-03  
UQR 3E-03 3.01E-03  
Median Fixation Duration 3.1E-03 3.1E-03 0.774 
LQR 2.55E-03 2.55E-03  
UQR 3.33E-03 3.4E-03  
 
Table 8.2 Novice SERD-PQFT data represented as gaze fixation density per unit area 
normalised to unity.  
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Figure 8.20 Normal plots for experienced surgeon’s SERD-PQFT data for VS1-10 
(2D=monoscopic, 3D=stereoscopic). 
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Figure 8.21 Normal plots for experienced surgeon’s SERD-PQFT data for MS1-10 
(2D=monoscopic, 3D=stereoscopic). 
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Experienced surgeons SERD-PQFT data 
 
 
Still Images (VS1-10) 
 
 Monoscopic Stereoscopic p 
Median Fixation Count 1.3E-03 1.3E-03 0.863 
LQR 1E-03 1.075E-03  
UQR 1.7E-03 1.625E-03  
Median Fixation Duration 1.45E-03 1.5E-03 0.752 
LQR 1.1E-03 1.1E-03  
UQR 1.83E-03 1.65E-03  
Median Fixation for ROI 2.15E-03 2.2E-03 0.196 
LQR 1.7E-03 1.68E-03  
UQR 2.4E-03 2.23E-03  
 
Movie Sequences (MS1-10) 
 
 Monoscopic Stereoscopic p 
Median Fixation Count 2.4E-03 2.3E-03 0.131 
LQR 2.18E-03 2.15E-03  
UQR 3.03E-03 2.75E-03  
Median Fixation Duration 2.6E-03 2.55E-03 0.090 
LQR 2.48E-03 2.33E-03  
UQR 3.23E-03 2.95E-03  
 
Table 8.3 Expert SERD-PQFT data represented as gaze fixation density per unit area 
normalised to unity. 
 
Preliminary data generated by this experiment demonstrates the feasibility of a 
novel application of saliency predictive modeling and its capacity to identify trends 
in attention distribution in the context of viewing minimally invasive surgery. 
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The results indicate that the relative contribution of top down and bottom up visual 
behaviour is similar when viewing monosocpic and stereoscopic modes for both 
novices and experienced surgeons.  
Experiment 5c - Quantifying disparity 
magnitude and its impact on attention 
 
Introduction 
Visual inspection of gaze plots recorded in Experiment 5a identified saccadic shifts 
to foreground locations that appeared distinct for monoscopic and stereoscopic 
viewing. Figure 8.22 illustrates an example of a gaze plot for participant 6 viewing 
VS10. 
 
Figure 8.22 Gaze plot for participant 6 viewing VS10 in monoscopic and stereoscopic 
modes.  
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The magnitude and range of disparities within stereoscopic versions of VS1-10 are 
unique image attributes. Both VS1 and VS10 depicted images of the pelvis during a 
low rectal dissection. These tissues are structures furthest from the 
stereoendoscope. Instruments emerge from the periphery and descend into the 
dissection site deep down toward the pelvic floor. Consequently there was a 
difference in disparity between the foreground proximal instrument shaft and the far 
ground distal instrument tips. The foreground anatomical structures will also have 
different disparities compared to the pelvic floor tissues in the distance. 
Quantification of the disparity at a fixation point is required to establish attention 
deployment within a stereoscopic minimally invasive surgery scene. In this 
experiment, regions of interest labels were generated based on the disparity 
magnitude within VS1-10 to determine their relationship to attention deployment. 
 
Methods 
A depth map analysis tool was used to calculate disparity regions within VS1-10. 
Disparity analysis was conducted using StereoCAT Toolbox. Muxed side by side 
.mov files were uploaded to StereoCAT for each steroscopic motion sequence 
including the initial frame used to generate VS1-10. Depth analysis can be 
performed using anaglyph (monochrone red/cyan), outline, depth analysis and 
superimposed inspection modes. Parallax inspection was performed by adjusting 
parallax lines set at customised pixel separation widths until right and left images 
converge for a given fixation point. Disparity was calculated as pixel shift 
represented as a percentage of the predefined display resolution (1920x1080). 
Disparity was represented as degrees of separation measured in visual angle based 
on the distance of the viewer and horizontal pixel separation. Weighted horizontal 
disparity gradients were identified for regions of interest representative of the 
extremes of crossed and uncrossed disparities for VS1-10. Horizontal disparity 
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gradients were initially inspected using parallax bars set at 0.52% intervals of the 
1920 pixel columns. The separation of horizontal parallax markers corresponded to 
10 pixels shift. Fixation points of interest that correspond on each of the right and 
left images when inspected superimposed and separately were used to identify 
regions with extreme magnitudes of crossed and uncrossed disparities. Right and 
left images were then translated horizontally at 0.1% increments until the selected 
fixation points merged. A region of interest label was applied and the weighted 
disparity of 4 fixation points within the region of interest was calculated. Figure 8.23 
illustrates the process used for inspecting and analysing stereoscopic images using 
StereoCAT Toolbox to generate disparity regions of interest labels. Disparity 
weighted regions of interest labels were then calculated for VS1-10 (Figure 8.24).  
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Figure 8.23 Disparity analysis method a) original side by side b) superimposed left and right 
overlay c) anaglyph image and d) the disparity depth map.  
c) 
a) 
d) 
b) 
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Figure 8.24a Disparity weighted regions of interest labels for VS1-5. Yellow and blue labels 
correspond to regions of uncrossed and crossed disparity respectively.  
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Figure 8.24b Disparity weighted regions of interest labels for VS6-10. Yellow and blue labels 
correspond to regions of uncrossed and crossed disparity respectively.  
Chapter 8 Visual attention and stereoscopic surgery  
 
228 
The mean weighted disparity magnitudes were represented as percentage 
convergence of the display width and converted to visual angle for each disparity 
region of interest for VS1 to VS10. Visual angle (degrees) = 2arctan(s/2d), where 
s=the size of the stimuli and d=viewing distance. Each disparity weighted region of 
interest label was then uploaded to Eyelink Data Viewer for further analysis. A 
regions of interest subset analysis of attention was performed based on disparity 
gradients present within VS1-10. 
 
Statistical Analysis 
The Eyelink 1000 data viewer software was used to calculate disparity weighted 
regions of interest fixation count, proportion of fixations overall (%) and normalised 
fixation dwell times (ms/pixels2) for each trial. Data for both experienced and novice 
groups viewing disparity weighted regions of interest for VS1-10 were not normally 
distributed. A wilcoxon signed ranks test was used to assess if there was a 
significant difference between median eye movements during the monoscopic and 
stereoscopic viewing sessions for each disparity weighted region of interest. A 
scatter plot and regression line were inspected to assess if there was a significant 
difference between median normalised dwell times (ms/pixels2) per disparity 
weighted region of interest defined by crossed and uncrossed disparities for 
stereoscopic VS1-10.  
Chapter 8 Visual attention and stereoscopic surgery  
 
229 
Results 
Tables 8.4 and 8.5 illustrate median fixation counts for novice and experienced 
surgeons viewing disparity weighted regions of interest for VS1-10 in monoscopic 
and stereoscopic mode. Fixations predominantly occurred in regions of interest 
with uncrossed disparity in stereoscopic or the equivalent regions of interest label 
in monoscopic mode. 
 
 
Median (IQR) fixation count for uncrossed disparity regions of interest 
 
  
Novice  
 
 
Expert  
Uncrossed 
disparity (VA) 
Monoscopic Stereoscopic Monoscopic Stereoscopic 
-0.35 7.0 
(4.5-8.0) 
11 
(9.0-14.25) 
6.5 
(5.0-9.5) 
10.0 
(6.75-12.25) 
-0.67 1 
(0-3) 
1 
(0.75-3.25) 
4 
(2.5-5.5) 
2 
(1.0-4.0) 
-0.7 11 
(8-14) 
10 
(7-11.25) 
13 
(10.75-17.25) 
10.5 
(8.75-12.25 
-0.72 15 
(11-18) 
15 
(12-18.25) 
13 
(10.75-17.25) 
13 
(11.5-19.5) 
-0.72 4.0 
(3.0-6.0) 
5.5 
(4.5-12.25) 
4 
(2.75-6.5) 
7.0 
(5.0-11.25) 
-0.91 13 
(10-15.5) 
12 
(10.75-15.75) 
10 
(7.75-13.5) 
11.5 
(8.5-14.25) 
-1.33 16 
(12-20) 
18 
(9.75-22.5) 
17 
(14.-21.0) 
17 
(14.5-22.5 
-1.34 12 
(7.5-13.5) 
12 
(9-19.75) 
13.5 
(11.0-16.25) 
NA 
-1.4 3.0 
(1.75-5.5) 
2.0 
(0-3.0) 
1.5 
(1-3.25) 
1.5 
(0-2.75) 
-1.67 24 
(18.5-25.5) 
23.5 
(22.0-26.5) 
21.0 
(18.5-26.25) 
24.5 
(22.75-27.0) 
 
Table 8.4 Median fixation count for uncrossed disparity weighted regions of interest for 
stereoscopic and monoscopic modes.  
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Median (IQR) fixation count for crossed disparity regions of interest 
 
  
Novice  
 
 
Expert  
Crossed 
disparity (VA) 
Monoscopic Stereoscopic Monoscopic Stereoscopic 
0.42 1.0 
(1.0 (0.0-1.0) 
0.0 
(0.0-0.0) 
0.5 
(0.0-1.75) 
0.0 
(0.0-0.25) 
0.73 0.0 
(0.0-1.25) 
0.5 
(0.0-2.5) 
0.0 
(0.0-2.5) 
2.0 
(1.0-3.0) 
0.82 3.0 
(2.0-5.0) 
6 
(1.5-8.0) 
3.0 
(1.0-7.75) 
4.5 
(2.75-8.25) 
1.04 1.5 
(0.0-3.25) 
1 
(0.0-2.0) 
2.0 
(1.75-3.25) 
1.5 
(0.0-2.0) 
1.06 1.0 
(0.0-3.0) 
0.0 
(0.0-2.25) 
1.5 
(.0-2.25) 
0.0 
(0.0-1.25) 
1.19 1.0 
(0.0-2.0) 
0.0 
(0.0-1.0) 
1.5 
(0.0-2.0) 
2 
(0.75-3.0) 
1.25 2.0 
(1.5-5.0) 
1.0 
(0.0-2.0) 
4.0 
(0.75-7.5) 
1.0 
(0.0-4.0) 
1.41 3.0 
(1.75-5.5) 
2.0 
(0-3.0) 
1.5 
(1.0-3.25) 
1.5 
(0-2.75) 
1.83 0.0 
(0.0-0.5) 
0.0 
(0.0-0.25) 
1.0 
(0.0-2.0) 
0.0 
(0.0-0.0) 
 
Table 8.5 Median fixation count for crossed disparity weighted regions of interest for 
stereoscopic and monoscopic modes. 
 
The was a significant increase in the median proportion of total fixations within 
regions of interest representing uncrossed disparities for novices viewing 
sterescopic (0.41, IQR 0.28-0.63) vs. monoscopic mode (0.35 IQR 0.20-0.49) 
p=0.006. The was no significant difference in the median proportion of total 
fixations within regions of interest representing uncrossed disparities for 
experienced surgeons viewing stereoscopic (0.39, IQR 0.22-0.52) vs. monoscopic 
mode. (0.38, IQR 0.22-0.63) p=0.053 (Figure 8.25). The median proportion of total 
fixations within regions of interest representing crossed disparities was <1% in 
stereoscopic and monoscopic mode for novices (stereoscopic = 0.0%, IQR 0.0-
0.04, monoscopic = 0.04%, IQR 0.0-0.086) and experienced surgeons 
(stereoscopic = 0.02%, IQR 0.0-0.071, monoscopic = 0.03% IQR 0.0-0.098) (Figure 
8.26). 
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Figure 8.25 Median proportion of fixation dwell time for novices and experienced surgeons 
based on uncrossed disparity weighted regions of interest for VS1-10 (2D=monoscopic, 
3D=stereoscopic). 
 
 
 
Figure 8.26 Median proportion of fixation dwell time for novices and experienced surgeons 
based on crossed disparity weighted regions of interest for VS1-10 10 (2D=monoscopic, 
3D=stereoscopic).  
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Although the proportion of fixations within the uncrossed disparity regions of 
interest was significantly greater in stereoscopic than monoscopic modes overall, 
the median normalised dwell time (ms/pixels2) was not related to the magnitude of 
the disparity (Figures 8.27). 
 
 
 
Figure 8.27 Median normalised dwell times (ms/pixels2) based on uncrossed disparity 
weighted regions of interest for novice and experienced surgeons viewing VS1-10 in 
stereoscopic mode. 
 
Experiment 5d - Quantifying disparity velocity 
and its impact on attention 
 
Introduction 
In this experiment, regions of interest labels were generated based on the disparity 
velocity within MS1-10 to determine its relationship to attention deployment. 
 
Method 
The regions of interest for MS 1-10 were represented by the instrument tip position. 
The disparity of this region changes throughout the duration of each sequence as 
the instrument moves closer of further from the viewer. The rate of change of 
instrument tip disparity was determined for MS 1-10. The peak velocity of disparity 
was calculated by analysing MS1-10 .mov files using StereoCat Toolbox. Motion 
sequences were advanced at 24 frames/sec. The disparity of the primary operating 
instrument tip was calculated at 1 second intervals using the method described in 
Experiment 5c. A peak disparity velocity was then calculated for the entire 
sequence. 
 
Statistical Analysis 
The Eyelink 1000 data viewer software and SPSS version 20 were used to correlate 
peak disparity velocity and fixation count in monoscopic and stereoscopic modes 
for MS1-10. A scatter plot and regression line were visually inspected to assess if 
there was a significant difference between median fixation count and peak disparity 
velocity during stereoscopic MS1-10 and the corresponding monoscopic motion 
sequence.   
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Results 
Figure 8.28 illustrates the fixation count for each peak disparity velocity measured 
in visual deg/VA/sec. There was no relationship between the peak velocity of 
disparity and fixation count for novices and experienced surgeons.  
 
 
Figure 8.28 The relationship between fixation count and peak disparity velocity for novices 
and experienced surgeons viewing MS 1-10 in stereoscopic mode. 
 
	  
Discussion 
 
This is the first experiment to examine where surgeons look while viewing 
stereoscopic displays. Attention deployment was quantified by fixation and 
saccade activity using an eye tracker while novice and experienced surgeons 
viewed stereoscopic still and motion sequences of surgical procedures. Novices 
performed more fixations when viewing stereoscopic compared to monoscopic 
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motion sequences. However, experienced surgeons eye movement behaviour was 
similar for both viewing conditions. These findings are consistent with recent 
experiments observing naive viewers eye movements when watching complex 
stereoscopic motion scenes (37). During MS1-10, goal directed behaviour was 
generated as participants were asked to fixate on the instrument tip moving within 
the visual scene.  
 
The distribution of gaze was compared to predicted gaze based on existing models 
of visual attention. The SERD-PQFT data indicates that the contribution of intention 
driven top down behaviour was similar in monoscopic and stereoscopic mode for 
novice and experienced surgeons when analysed for eye movements occurring 
throughout the entire scene. Salience of disparity cues does not determine fixation 
distribution alone. Instead attention is deployed by a combination of top down and 
bottom up processes towards novel disparity rich regions when pre-existing scene 
recognition is absent.  
 
Eye movement behaviour was influenced by the magnitude and direction of 
disparity cues during stereoscopic viewing. Novice attention was deployed to 
regions of uncrossed disparity suggesting that uncrossed disparity acts as a 
guiding attribute within the stereoscopic surgical scenes for naive viewers. This 
conflicts with previous studies that have identified increased fixation and saccade 
activity to foreground structures (139). Experts that are familiar with the image 
content did not preferentially attend to novel regions of increased disparity 
compared to equivalent regions of the scene in monoscopic mode.  
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Previous studies have found that eye movement behaviour is influenced by 
stereoscopic motion cues (142). Results from Experiment 5d contribute to these 
findings by calculating peak disparity velocity using a depth analysis tool to 
quantify stereoscopic motion. Interestingly the peak velocity of the disparity cues 
did not influence attention deployment when novice and experienced surgeons 
viewed stereoscopic motion sequences. It is essential that surgeons attend to task 
relevant regions of the display during a procedure. This data suggests that while 
maintaining similar contributions of saliency driven and top down visual behaviour 
across the entire images, novices will predominantly fixate on disparate structures 
when viewing complex stereoscopic surgical scenes.  This study has several 
limitations. This experiment was exploratory in nature and therefore it is possible 
that significant differences exist that will not be detected with a sample size of 20 
participants. Surgeons often interact and attend to elements peripheral to the 
display in the operating theatre and perception of such events is crucial to achieve 
safe minimally invasive surgery. The viewing conditions in the experiment are not 
representative of normal operating environments. Participants were constrained 
using a fixed head position to achieve reliable calibration and scene fixation. A 
large number of fixations were examined in this experiment but the viewing 
duration does not reflect the length of a surgical procedure. Attention deployment 
patterns may be similar to those observed during monoscopic viewing if data were 
collected throughout the entire length of a minimally invasive surgical procedure. 
Novice participants would probably adapt to the stereoscopic environment and it is 
predicted that the impact of disparity cues on attention deployment would 
concomitantly diminish. Participants were instructed to perform a simple viewing 
task. In contrast, minimally invasive surgery involves execution of complex 
visuospatial skills and stereoscopic cues may be prioritised differently in the setting 
of increased cognitive load and utility of attention. However, if attention deployment 
patterns identified in this experiment persisted during prolonged procedures, 
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increased fixation count may accumulate to generate attentional fatigue. Further 
work could address this by establishing attention deployment strategies during 
stereoscopic minimally invasive surgical procedures and their potential contribution 
to multimodal competency and performance assessment. 
 
Chapter  9 
 
Summary and Conclusions 
 
Minimally invasive surgical techniques attenuate the trauma associated with open 
surgery resulting in improved patient outcomes for many procedures. Modification 
of perceptual stimuli during minimally invasive surgery contributes to an extended 
learning curve during which there is an increased potential for surgical error. Once 
proficiency has been obtained surgeons may continue to experience increased 
cognitive and physical demands associated with performing increasingly complex 
procedures.  
 
Surgeons strive to improve outcomes for their patients and the rigorous evaluation 
of new technology is central to this endeavour. Optimising surgical image quality 
plays an important role to enhance the perceptual experience for the surgeon. 
Stereoscopic image projection has continued to evolve ever since Professor 
Charles Wheatstone’s discovery of stereopsis in 1838. Although the benefits of 
stereoscopic projection have been recognised for many years, display related 
factors have limited its full potential. This thesis investigated the utility, tolerance 
and perceptual performance associated with time parallel stereoscopic displays in 
the context of minimally invasive surgery. 
 
Chapter 1 described the principle of stereopsis and how this discovery led an 
evolution in image projection technology. The development, advantages and 
limitations of historical surgical stereoscopic vision systems were reported. In 
Chapter 2, a review of the published literature was performed to identify the 
potential origins and objective indicators of visual fatigue while viewing 
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stereoscopic stimuli. Theory of attention was summarised and current literature 
investigating how attention deployment is modified by perception of stereoscopic 
stimuli was reviewed in Chapter 3. The primary aims of the experimental chapters 
of this thesis were to: 
 
• to investigate if time parallel passive polarising stereoscopic displays 
influence performance of minimally invasive surgical skills; 
• to investigate viewer tolerance of time parallel passive polarising 
stereoscopic displays for minimally invasive surgery 
• to investigate the impact of viewing stereoscopic surgery on 
accommodative dynamic function; 
• and to investigate how disparity cues generated by stereoscopic surgery 
influence attention. 
 
In Chapter 4, the use of time parallel stereoscopic displays was associated with 
significant performance advantages for both novice and experienced minimally 
invasive surgeons in a simulated setting. Validated skills tasks were completed 
significantly faster and with a significant reduction in error. Experienced surgeons 
have learnt to interpret monocular cues to become proficient at minimally invasive 
surgery using monoscopic displays. The results indicate that experienced surgeons 
gain additional performance advantages from reintroducing stereoscopic cues. The 
observed benefits were more pronounced during the execution of complex tasks 
and it is hypothesised that the observed performance advantages will be translated 
in clinical practice.  
 
Chapter 5 investigated accommodation responses induced by viewing time parallel 
stereoscopic displays for minimally invasive surgery. Participants viewed 
stereoscopic surgery that was equivalent to the duration of a typical day case 
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surgical procedure. Accommodation response profiles were measured following 
monoscopic and stereoscopic viewing. In contrast to previous published literature, 
participants recruited in this study exhibited similar accommodation response 
magnitudes following both monoscopic and stereoscopic viewing. Additional 
features of the accommodation response profiles were then examined. Viewing 
stereoscopic displays decouples accommodative convergence responses and 
results in abnormal accommodative response during fixation. Peak velocity and 
peak acceleration of accommodation were significantly elevated following 
stereoscopic viewing. Hyperdynamic accommodation responses may persist for up 
to an hour following stereoscopic viewing. However, elevated peak velocity and 
acceleration of accommodation responses were not associated with subjective 
reports of increased visual discomfort. Further work will be required to evaluate the 
validity of these additional parameters in the objective assessment of visual fatigue 
and their relationship to the magnitude of disparity stimuli viewed during surgical 
procedures. 
 
Chapter 6 analysed results of a visual fatigue questionnaire completed by 
participants in Experiments 1, 2 and 3. Dimension reduction using principle 
component analysis was conducted to identify items in the questionnaire that 
illustrated the variation of participant responses. The results indicate that increased 
levels of subjective visual fatigue occur if time parallel stereoscopic displays are 
used while learning minimally invasive surgical skills in a simulated setting. 
However, when novice’s viewed stereoscopic surgery with disparity cues 
generated by an experienced surgeons performance, there was no observable 
difference in visual fatigue scores compared to monoscopic viewing. Surgeons with 
established proficiency and improved economy of movement reported similar 
visual fatigue scores for 3 of the 4 factors. 1 of the 4 factors was significantly in 
favour of using a stereoscopic display. This study suggests that subjective reports 
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of visual fatigue following stereoscopic minimally invasive surgery would be 
equivalent to using a conventional monoscopic display. However, if the reduction in 
performance time for complex skills observed while using a stereoscopic displays 
observed in Chapter 4 are transferable to clinical practice, use of time parallel 
stereoscopic displays may result in more acceptable levels of visual fatigue during 
complex minimally invasive surgical procedures.  
 
The disparity of the surgical stimuli calculated in Chapter 8 indicates that surgical 
stimuli may contain both crossed and uncrossed disparities in excess of 1° visual 
angle. Despite this, participants did not experience additional visual discomfort 
when viewing the disparity ranges present within Chapter 5 using the time parallel 
stereoscopic display. This study indicates that tolerance of disparity magnitudes 
may exceed 1° visual angle when using time parallel stereoscopic displays for 
minimally invasive surgery. The results are consistent with a recent study reporting 
no change in accommodation response when viewing disparities exceeding 1° 
visual angle using a next generation a time sequential polarising display. Overall, 
they suggest that tolerance issues are not only related to the magnitude and 
velocity of disparity within stereoscopic surgical content. The data indicate that 
time parallel passive polarising displays may improve user tolerance of 
stereoscopic surgery and intolerance of previous stereoscopic projection systems 
was probably due to the requirement for bulky head mounted single user displays 
and perception of low frequency refresh rates associated with time sequential 
displays, rather than disparity cues alone. However, results analysed in Chapter 6 
indicate that viewing excessive disparity may generate visual intolerance for 
novices early in the learning curve but this is likely to resolve with progress towards 
proficiency at minimally invasive surgery. 
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Chapter 7 investigated the efficiency of performing visual search tasks while 
viewing a stereoscopic display. Established patterns of visual search behaviour 
were reproduced. Participant’s response time to identify targets was improved with 
the addition of disparity for complex searches. There was a concomitant reduction 
in fixation and saccade activity required to achieve target identification during serial 
conjunction searches with crossed disparity.  
 
Surgeons conduct multiple complex search tasks when performing a minimally 
invasive surgical procedure. This process expends attention resources and 
contributes to cognitive demands that accumulate throughout the procedure. 
Results from Chapter 7 demonstrate that disparity cues modify attention 
deployment and increase visual search efficiency as the complexity of the task 
increases. Further work could aim to identify if visual search is more efficient in 
complex stereoscopic surgical scenes. If so, there is potential for disparity cues to 
reduce consumption of attention resources during stereoscopic surgical 
procedures. 
 
Chapter 8 investigated how attention is modified while viewing stereoscopic 
surgery. Fixation and saccade activity were measured while participants viewed still 
and motion sequences containing stereoscopic surgery. Novice participant’s 
attention deployment was modified by stereoscopic motion cues. Expert attention 
remained unchanged. Novice participants predominantly viewed regions containing 
uncrossed disparity cues compared to the equivalent labeled region of interest in 
monoscopic mode. The visual stimuli contained uncrossed disparities ranging from 
-0.35 to -1.67 deg/VA. Although fixation predominantly occurred within regions of 
interest with uncrossed disparity, the mean normalised dwell time analysis 
indicated that fixation distribution was not related to disparity magnitude within the 
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stereoscopic images. Furthermore, attention was not modified by the magnitude of 
disparity velocity during the motion sequences. The results indicate that different 
visual attention strategies are employed when exploring novel feature rich 
environments. Novice surgeons distributed attention deployment preferentially to 
regions of increased uncrossed disparity during a simple goal directed visual task. 
Evaluation of attention behaviour while performing extended procedures would be 
required to ascertain the reproducibility and impact of modified attention 
deployment while learning minimally invasive surgery using stereoscopic displays.  
 
The relative contribution of image saliency and intention modified visual behaviour 
was investigated in Chapter 8. Saliency predicted fixations were extracted from 
ground truth heat maps obtained using participant data while viewing stereoscopic 
sequences in monoscopic and stereoscopic mode. The remaining saliency 
extracted residual data indicates the contribution of intention driven and saliency 
predicted behaviour during monoscopic and stereoscopic viewing. There was no 
significant difference in saliency extracted residual data when novice and 
experienced surgeons viewed stereoscopic and monoscopic surgical stimuli. The 
results indicate that although novice fixation is deployed to regions of interest with 
increased uncrossed disparity, the proportion of saliency and intention driven 
attention remained similar when viewing monoscopic and stereoscopic minimally 
invasive surgery. 
 
Future investigation 
Experiments in this thesis were performed in a laboratory setting due to limitations 
of the available measurement tools. Data acquisition options have evolved to 
enable similar experiments to be conducted within an operating theatre. For 
example, use of advanced eye-tracking technology enabling non-intrusive real time 
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data acquisition while participants are free from the unnatural constraints of a chin 
rest. These systems are able to automatically track point-of-regard and correlation 
of raw eye position to the precise position viewed in the scene. e.g Visiontrak TM 
(Polhemus). Similarly modern electromagnetic motion tracking equipment can 
monitor multiple instrument tip parameters while surgeons perform minimally 
invasive surgical procedures. The Aurora navigation device (NDI, Northern Digital, 
Waterloo, Ontario, Canada) uses 0.3mm autoclavable sensors fixed to minimally 
invasive surgical instruments. Combining intraoperative instrument motion tracking 
and non-obtrusive eye tracking data would provide further information regarding 
the perceptual processes occurring while performing minimally invasive surgery 
using stereoscopic displays. 
 
If the complex multi-calibration requirements can be fulfilled then future studies 
could incorporate multimodal real time evaluation of spatiotemporal instrument 
position correlated with continuous measurement of accommodative-vergence 
interactions and attention parameters. Real time behavioural data-sets could be 
correlated to the magnitude and velocity of stereoscopic cues at the point of 
fixation for an entire surgical procedure. Data acquisition could initially be trialled in 
a laboratory setting prior to conducting a clinical trial in the operating theatre. This 
information would further our understanding of the perceptual experience for 
surgeons learning and performing minimally invasive surgery using stereoscopic 
projection. Further work should focus on accomplishing logistical challenges to 
achieve data acquisition in a laboratory setting prior to an operating theatre 
environment. 
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Emerging technologies 
A recent systematic review of 31 randomised controlled trials (including 2 
publications describing experiments reported in this thesis) has been conducted to 
evaluate the use of stereoscopic displays for minimally invasive surgery in 2015 (159). 
22 out of 31 trials (71 %) demonstrated improvements in performance time, and 12 
out of 19 (63 %) demonstrated a significant reduction in error when minimally 
invasive surgeons used stereoscopic compared to monoscopic displays. The 
authors concluded that the latest evidence indicates that stereoscopic minimally 
invasive surgery improves speed and reduces the number of performance errors 
when compared to monoscopic displays in simulated settings. Additional clinical 
studies are required to determine if their use will impact on clinical performance 
and patient outcomes. Cited work generated from this thesis suggests that 
stereoscopic imaging is likely to play an important role in the future of minimally 
invasive surgery. Manufacturers anticipate significant advantages and several 
stereoscopic surgical systems have become commercially available since this 
research was conducted. Rapid advances in stereoendoscope technology have 
seen a progression from rigid dual optical channel to ‘chip on the tip’ capture 
devices (160). A high definition video chip located at the distal aspect of the 
stereoendoscope replaces the traditional rod lens system. They are lighter and can 
incorporate a 100-degree angulating flexible tip that permits stereoscopic views for 
regions where access is limited (161). The ability to obtain stereoscopic views of the 
operative field from multiple perspectives will need to be balanced by the potential 
for operator disorientation, which is known to significantly impact on performance 
(116). 
Problems associated with disconnect between the surgeons point of regard and 
the spatiotemporal fixation of the stereoendoscope have been addressed by the 
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development of stable robotic camera holders to diminish unwanted movement (162). 
Results from experiments in this thesis indicate that prolonged fixation of excessive 
disparity stimuli may occur while viewing minimally invasive surgery. Further 
studies are required to evaluate whether a robotic camera holder attenuates the 
consequence of fluctuating disparity on visual attention and visual fatigue. Future 
work should identify disparity limits that generate acceptable objective and 
subjective indicators of visual fatigue during minimally invasive surgery, using the 
techniques described in the experimental chapters of this thesis. Knowledge of 
these disparity limits could be used to generate algorithms that integrate remote 
adjustments of stereoendoscope fixation relative to the surgeon’s point of regard, 
to help minimize visual fatigue and expand the utility of robotic stereoscopic 
camera holders. Presently, their use in conjunction with multi-view stereoscopic 
displays requires detailed evaluation in laboratory and clinical studies.  
 
Endoscopic instrumentation research focuses on development of biologically 
inspired flexible robots that enable structural deformation to navigate, view and 
manipulate instruments within regions with restricted access. Flexible robotic ports 
and instrumentation would help facilitate ergonomic procedures and diminish 
intrusion of the operative view during stereoscopic minimally invasive surgery (163). It 
is also anticipated that flexible stereoendoscopy will be integrated to enhance 
images and assist intra-luminal navigation during colonoscopy, oesophago-
gastroduodenoscopy and bronchoscopy in the near future.  
 
 In addition to advances in stereoendoscope design, evolution in stereoscopic 
projection has accelerated in recent years. In the quest to provide immersive 
stereoscopic viewing without the requirement for polarizing eyewear, wide viewing 
angle autostereoscopic displays are being developed to enhance home television 
and live public broadcasts (164). Future next generation autostereoscopic displays 
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may enable stereoscopic minimally invasive surgery without the requirement for 
polarising eyewear. Benefits might include improved image quality with enhanced 
luminosity and accessible stereoscopic perception for all members of the operating 
theatre team.  
Ultra High-Definition 4K displays (incorporating 3840 x 2160 pixels) have been 
developed to improve image resolution of monoscopic and stereoscopic displays 
(165). Manufacturers report that 4K images incorporate an extensive range of hues to 
generate more detailed colour calibration and edge discrimination of fine tissue 
features such as nerves, lymphatic’s and blood vessels. An initial subjective report 
following use of a 4K monoscopic surgical display has been encouraging (166) but 
there are no scientific studies investigating the potential benefits of enhanced 4K 
resolution in either simulated or clinical settings. Display evaluation incorporates 
assessment of several image quality components including resolution, colour 
representation and discrimination, depth of field and luminosity measures. Each of 
these baseline attributes should be evaluated in a laboratory setting, including 
whether their use would lead to improvements in perceived image quality. The 
efficacy of 4K displays to influence identification and clarification of anatomical 
structures, perceptual judgments and surgical precision in both simulated and 
clinical settings should be compared to existing high definition displays. Ultra high 
resolution combined with enhanced digital magnification has additional potential 
benefits, particularly when detailing intricate structures located in confined 
anatomical regions. Reducing endoscope proximity to diathermy plume generated 
during dissection may help minimize the frequency and impact of camera fogging 
and associated image distortion. Enhanced digital zoom may improve ergonomics 
by allowing optimal instrument triangulation without instrument clashing. Enhanced 
monocular cues in 4K two-dimensional displays have potential to offset the 
performance benefits of disparity cues associated with time-parallel stereoscopic 
Chapter 9 Summary and conclusions 
 
248 
displays. However, an extensive performance evaluation should be conducted to 
investigate the potential impact of both 4K high definition monocular and 
stereoscopic displays using the approach and metrics outlined in this thesis. 
Final conclusion	  
Since Bozzini first invented his cystoscope there have been major advances in the 
image quality afforded to minimally invasive surgeons. The principle of stereopsis 
discovered by Professor Wheatstone informed creation of the stereoendoscope 
and subsequent advances in stereoscopic projection technology restored binocular 
depth cues for the minimally invasive surgeon. The results from this thesis suggest 
that time parallel stereoscopic displays may overcome historical challenges that 
impaired projection of tolerable stereoscopic images. The results of a recent 
randomised clinical trial at the Minimal Access Therapy Training Unit comparing the 
impact of time-parallel passive polarising stereoscopic displays with monoscopic 
displays during laparoscopic cholecystectomy are awaited.  
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Appendix 1 
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Appendix 2 
 
Validated algorithms used to obtain motion tracking data from 3D motion-tracking 
system (TrakSTAR™; Ascension Technology Corporation™, Milton, Vermont, USA) 
 
Path Length 
 
Motion Smoothness 
 
Grasping 
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Appendix 3 
 
Visual fatigue questionnaire adapted from Kuze et al (2008) (66) 
 
Score 
Symptom 1 
None 
2 3 
Slight 
4 5 
Moderate 
6 7 
Severe 
Bleary eyes        
Dry eyes        
Eyestrain        
Gritty eyes        
Eyeache        
Stinging Eyes        
Heavy Eyes        
Hazy eyes        
Warm eyes        
Flickering        
Watery eyes        
Feeling heavy in the head        
Difficulty concentrating        
Dizzyness        
Stiff shoulder        
Stiff neck        
Sleepy        
Vomiting        
Vertigo        
Nausea        
Difficulty focusing        
Double vision        
Near vision difficulty        
Far vision difficulty        
Pain in the temple        
Pain in the middle of the forehead        
Pain in the back of the head        
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Appendix 4 
 
Experimental builder .ebd file structure for Experiment 4 
 
Block sequence 
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Sort sequence  
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Trial (colour) randomisation 
 
Sort Sequence 2 
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Sort Sequence 3 
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Appendix 5 
 
Experimental builder .ebd file structure for Experiment 5 
 
Block sequence 
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Trial sequence 
 
 
Recording sequence 
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Appendix 6 
 
Saliency models description (used in Experiment 5) 
 
1. CIWAM - Chromatic induction effects depend on the interactions between 
central stimuli and their surroundings. When the perceived colour of a stimulus 
shifts towards that of the surroundings, it is called 'chromatic assimilation' and 
when it shifts the opposite way it is called 'chromatic induction'. A wavelet-based, 
multi-resolution computational framework is used to model chromatic induction 
effects. The chromatic induction wavelet model or (CIWaM) incorporates low-level 
attributes of the human visual system (i.e. separation into colour opponent and 
luminance channels)(167). 
 
2. SRA - analyses the log-spectrum of an image and extracts the spectral residual 
of an image in the spectral domain to construct a corresponding saliency map in 
the spatial domain. It analyses and explores the properties of scene background 
primarily rather than the target objects within a scene to generate a saliency map 
(168). 
 
3. DVA - Incremental Coding Length (ICL) is used to measure the perspective 
entropy gain of each feature and distribute energy in the attention system. The 
salient visual cues correspond to unexpected features - according to the definition 
of ICL, These features may elicit entropy gain in the perception state and are 
therefore assigned high energy deriving a coherent mechanism for dynamic visual 
search with inhibition of return(169). 
 
4. GBVS - graph based visual saliency involves formation of activation maps for 
certain features which are subsequently normalised to highlight conspicuity and 
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allow combination with other feature maps. This model exploits the computational 
power, topographical structure, and parallel nature of graph algorithms to achieve 
saliency computations. Markov chains are defined over various image maps, and 
the equilibrium distribution over map locations are treated as activation and 
saliency values (170).  
 
5. Img Sig - Uses an image descriptor referred to as the image signature to 
spatially quantify foreground image elements. A saliency algorithm based on the 
image signature approximates foreground elements overlapping with visually 
conspicuous image locations (171). 
 
6. Itti - based on the behavior and the neuronal architecture of the early primate 
visual system. Multiple image features (unique size, intensity, color, or orientation) 
are combined into a single topographical saliency map. Attended locations are 
selected in order of decreasing saliency (172). 
 
7. PQFT - a multiresolution spatiotemporal saliency detection model called phase 
spectrum of quaternion Fourier transform (PQFT) is used to calculate the 
spatiotemporal saliency map of an image by its quaternion representation. 
Incorporates an added motion dimension that allows the phase spectrum to 
represent spatiotemporal saliency in order to perform attention selection not only 
for images but also for videos (173). 
 
8. SDSR - computes non-parametric local regression kernels (i.e. local descriptors) 
from a scene to measure the likeness of a pixel to its surroundings. Visual saliency 
is then computed using the “self-resemblance” measure. This results in a saliency 
map where each pixel indicates the statistical likelihood of saliency of a feature 
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matrix given its surrounding feature matrices using matrix cosine similarity measure 
(174). 
 
9. STB (StereoToolbox) - Walther et al extend the work by Itti et al by a evaluating 
the salience of proto objects at the winner takes all attended location from the 
salience map. The salience of protobject is determined by the spread of attention 
around the most salient location. A binary map that is generated as a mask for 
obtaining the proto object region (175). 
 
10. SUN - Determines point wise mutual information between the observed visual 
features and the presence of a target. They determine bottom-up saliency from 
self-information of the visual features incorporating the intuitive assumption that 
one goal of the visual system is to find potential targets. Their computational model 
assumes the probability distribution over features is learned from natural statistics 
corresponding to an organism’s visual experience over time (176). 
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Appendix 7 
 
MatLab programme code runner for Experiment 5 
 
Manual Prepocessing to get saliency image outputs 
 
 
FIRST  - copy image of interest to 
/vol/vssp/acasva/people/David/VS1Mono/image10000001.png 
 
 
SECOND - run these packages: 
 
cd /vol/vssp/acasva/people/David/Salience/Saliency_packages/CIWaM/SIM/ 
matlab -nodesktop -nosplash -nojvm -r "createimages_ciwam_noisy;quit 
force" 
 
cd /vol/vssp/acasva/people/David/Salience/Saliency_packages/SRA/ 
matlab -nodesktop -nosplash -nojvm -r "create_images_sra;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/DVA/nips08matl
ab/ 
matlab -nodesktop -nosplash -nojvm -r "create_images_dva;quit force" 
 
cd /vol/vssp/acasva/people/David/Salience/Saliency_packages/GBVS/gbvs/ 
matlab -nodesktop -nosplash -nojvm -r "create_images_gbvs;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/ImgSig/signature
Sal/ 
matlab -nodesktop -nosplash -nojvm -r "createimages_sigsal;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/Itti_98/simpsal/ 
matlab -nodesktop -nosplash -nojvm -r "createimages;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/PQFT/spectral_s
aliency_matlab/ 
matlab -nodesktop -nosplash -nojvm -r "createimages_pqft_noisy;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/SDSR/Package/
saliencydetection/ 
matlab -nodesktop -nosplash -nojvm -r "create_images_sdsr;quit force" 
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cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/STB/SaliencyTo
olbox/ 
matlab -nodesktop -nosplash -nojvm -r "createimages_stb;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/SUN/imagesalie
ncy/saliency/ 
matlab -nodesktop -nosplash -nojvm -r "createimages_sun;quit force" 
 
===== 
 
Notes: 
 
image input 
 
/vol/vssp/acasva/people/David/VS1Mono/image10000001.png 
 
 
saliency image outputs: 
 
/vol/vssp/acasva/people/David/Salience/noisy_plots_ciwam/salimage100000
01.png 
/vol/vssp/acasva/people/David/Salience/noisy_plots_sra/salimage10000001.
png 
/vol/vssp/acasva/people/David/Salience/noisy_plots_dva/salimage10000001.
png 
/vol/vssp/acasva/people/David/Salience/noisy_plots_gbvs/salimage1000000
1.png 
/vol/vssp/acasva/people/David/Salience/noisy_plots_imgsig/salimage100000
01.png 
/vol/vssp/acasva/people/David/Salience/noisy_plots_itti/salimage10000001.p
ng 
/vol/vssp/acasva/people/David/Salience/noisy_plots_pqft/salimage10000001.
png 
/vol/vssp/acasva/people/David/Salience/noisy_plots_sdsr/salimage10000001
.png 
/vol/vssp/acasva/people/David/Salience/noisy_plots_stb/salimage10000001.
png 
/vol/vssp/acasva/people/David/Salience/noisy_plots_sun/salimage10000001.
png 
 
==== 
 
%%Not used 
%%/vol/vssp/acasva/people/David/Salience/ExpertROIMiles.xls 
%%[NUM,TXT,RAW]=xlsread('/vol/vssp/acasva/people/David/Salience/Exper
tROIMiles.xls') 
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****************************************************************** 
 
-----START here----------- 
 
****************************************************************** 
 
 
%%must have run this 
 
grep VS1Mono.bmp MIlesExpert2dStill-treated.txt > Expert2dStill-
treated_1.txt 
grep VS1Mono.bmp MIlesNovice2DStills-treated.txt > Novice2dStill-
treated_1.txt 
 
grep VS2Mono.bmp MIlesExpert2dStill-treated.txt > Expert2dStill-
treated_2.txt 
grep VS2Mono.bmp MIlesNovice2DStills-treated.txt > Novice2dStill-
treated_2.txt 
 
grep VS3Mono.bmp MIlesExpert2dStill-treated.txt > Expert2dStill-
treated_3.txt 
grep VS3Mono.bmp MIlesNovice2DStills-treated.txt > Novice2dStill-
treated_3.txt 
 
grep VS4Mono.bmp MIlesExpert2dStill-treated.txt > Expert2dStill-
treated_4.txt 
grep VS4Mono.bmp MIlesNovice2DStills-treated.txt > Novice2dStill-
treated_4.txt 
 
grep VS5Mono.bmp MIlesExpert2dStill-treated.txt > Expert2dStill-
treated_5.txt 
grep VS5Mono.bmp MIlesNovice2DStills-treated.txt > Novice2dStill-
treated_5.txt 
 
grep VS6Mono.bmp MIlesExpert2dStill-treated.txt > Expert2dStill-
treated_6.txt 
grep VS6Mono.bmp MIlesNovice2DStills-treated.txt > Novice2dStill-
treated_6.txt 
 
grep VS7Mono.bmp MIlesExpert2dStill-treated.txt > Expert2dStill-
treated_7.txt 
grep VS7Mono.bmp MIlesNovice2DStills-treated.txt > Novice2dStill-
treated_7.txt 
 
grep VS8Mono.bmp MIlesExpert2dStill-treated.txt > Expert2dStill-
treated_8.txt 
grep VS8Mono.bmp MIlesNovice2DStills-treated.txt > Novice2dStill-
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treated_8.txt 
 
grep VS9Mono.bmp MIlesExpert2dStill-treated.txt > Expert2dStill-
treated_9.txt 
grep VS9Mono.bmp MIlesNovice2DStills-treated.txt > Novice2dStill-
treated_9.txt 
 
grep VS10Mono.bmp MIlesExpert2dStill-treated.txt > Expert2dStill-
treated_10.txt 
grep VS10Mono.bmp MIlesNovice2DStills-treated.txt > Novice2dStill-
treated_10.txt 
 
 
 
-------------------Really start here ---------- 
 
%% loop over images/gaze data 
for cnnt=1:10, 
cnnt 
 
 ffg=['/vol/vssp/acasva/people/David/Salience/IMAGES/VS',num2str(cnnt),'Mo
no.bmp'] 
 hhg=['/vol/vssp/acasva/people/David/Salience/IMAGES/VS',num2str(cnnt),'M
ono.png'] 
 eggf=['/vol/vssp/acasva/people/David/Salience/Expert2dStill-
treated_',num2str(cnnt),'.txt'] 
 nggf=['/vol/vssp/acasva/people/David/Salience/Novice2dStill-
treated_',num2str(cnnt),'.txt'] 
 
 
 
%%--------- 
%%FIRST  - copy image of interest to 
/vol/vssp/acasva/people/David/VS1Mono/image10000001.png 
 
 
eval(['!convert ',ffg,' ' , hhg]) 
eval(['!cp ',  ffg,' 
/vol/vssp/acasva/people/David/VS1Mono/image10000001.png']) 
 
 
 
 
%%SECOND - run these packages: 
 
cd /vol/vssp/acasva/people/David/Salience/Saliency_packages/CIWaM/SIM/ 
!matlab -nodesktop -nosplash -nojvm -r "createimages_ciwam_noisy;quit 
force" 
 
cd /vol/vssp/acasva/people/David/Salience/Saliency_packages/SRA/ 
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!matlab -nodesktop -nosplash -nojvm -r "create_images_sra;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/DVA/nips08matl
ab/ 
!matlab -nodesktop -nosplash -nojvm -r "create_images_dva;quit force" 
 
cd /vol/vssp/acasva/people/David/Salience/Saliency_packages/GBVS/gbvs/ 
!matlab -nodesktop -nosplash -nojvm -r "create_images_gbvs;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/ImgSig/signature
Sal/ 
!matlab -nodesktop -nosplash -nojvm -r "createimages_sigsal;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/Itti_98/simpsal/ 
!matlab -nodesktop -nosplash -nojvm -r "createimages;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/PQFT/spectral_s
aliency_matlab/ 
!matlab -nodesktop -nosplash -nojvm -r "createimages_pqft_noisy;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/SDSR/Package/
saliencydetection/ 
!matlab -nodesktop -nosplash -nojvm -r "create_images_sdsr;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/STB/SaliencyTo
olbox/ 
!matlab -nodesktop -nosplash -nojvm -r "createimages_stb;quit force" 
 
cd 
/vol/vssp/acasva/people/David/Salience/Saliency_packages/SUN/imagesalie
ncy/saliency/ 
!matlab -nodesktop -nosplash -nojvm -r "createimages_sun;quit force" 
%%------- 
 
cd /vol/vssp/acasva/people/David/Salience/ 
 
 
%%compile Novice/Expert Heatmaps 
 
gwidthfracc=0.5; 
 
%scanwidthx=1845 
%scanwidthy=1048 
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scanwidthx=1920 
scanwidthy=1080 
 
%load static image 
 
%imdata = 
imread('/vol/vssp/acasva/people/David/Salience/IMAGES/VS1Mono.bmp'); 
imdata = imread(ffg); 
 
 
xsize=size(imdata,1) 
ysize=size(imdata,2) 
 
 
%fid = fopen('/vol/vssp/acasva/people/David/Salience/MIlesNovice2DStills-
treated.txt'); 
fid = fopen(nggf); 
 
 
N = textscan(fid, '%s%d32%d8%f32%f32%s%s%s'); 
fclose(fid); 
 
%N{2}=fixation duration 
%N{3}=area marker 
%N{4}=x fix location 
%N{5}=y fix location 
 
% note file formats are DIFFERENT 
%fid = fopen('/vol/vssp/acasva/people/David/Salience/MIlesExpert2dStill-
treated.txt'); 
fid = fopen(eggf); 
 
E = textscan(fid, '%s%d32%d8%f32%f32%s%s%s%s%s'); 
fclose(fid); 
 
%E{2}=fixation duration 
%E{3}=area marker 
%E{4}=x fix location 
%E{5}=y fix location 
 
 
 
%E1=[E{2} E{3} E{4} E{5}]; 
%Efix=[E{4} E{5}] 
 
 
%figure, hist3([E{4} E{5}]); 
 
 
%must be odd 
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nbins1=(2*floor(xsize/2))+1; 
nbins2=(2*floor(ysize/2))+1; 
 
 
xbins=  scanwidthx/nbins2; 
ybins=  scanwidthy/nbins1; 
 
%aaa=hist3([N{4} N{5}],[nbins1 nbins2]); 
aaa=hist3([N{4} N{5}],{1:xbins:scanwidthx  1:ybins:scanwidthy})'; 
 
bbb=0; 
bbb(nbins2,nbins1)=0; 
for cnt=1:size(N{1},1), 
if  floor(N{5}(cnt)/ybins)>1 & floor(N{4}(cnt)/xbins)>1, 
 bbb( floor(N{4}(cnt)/xbins),   floor(N{5}(cnt)/ybins) )= bbb( 
floor(N{4}(cnt)/xbins),   floor(N{5}(cnt)/ybins) )+N{2}(cnt); 
end 
end 
 
Nfix=bbb'; 
 
bbb=0; 
bbb(nbins2,nbins1)=0; 
for cnt=1:size(N{1},1), 
 if N{3}(cnt)==1 & floor(N{5}(cnt)/ybins)>1 & floor(N{4}(cnt)/xbins)>1, 
  bbb( floor(N{4}(cnt)/xbins),   floor(N{5}(cnt)/ybins) )= bbb( 
floor(N{4}(cnt)/xbins),   floor(N{5}(cnt)/ybins) )+N{2}(cnt); 
 end 
end 
Nfixroi=bbb'; 
 
 
%figure, HeatMap(aaa); 
 
bb1=[-((size(aaa,1)-1)/2):((size(aaa,1)-1)/2)]; 
bb2=[-((size(aaa,2)-1)/2):((size(aaa,2)-1)/2)]; 
 
 
gwidth=size(aaa,1)/gwidthfracc; 
X=(exp(-(bb1.^2)/gwidth))' * (exp(-(bb2.^2)/gwidth)); 
Novice= conv2(aaa,X,'same'); 
Novice=Novice/(sum(sum(Novice))); 
 
Novicefix=conv2(Nfix,X,'same'); 
Novicefix=Novicefix/(sum(sum(Novicefix))); 
 
Novicefixroi=conv2(Nfixroi,X,'same'); 
Novicefixroi=Novicefixroi/(sum(sum(Novicefixroi))); 
 
%figure, HeatMap(X) 
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%figure, image(Novice) 
%figure, HeatMap(Novice) 
 
hi=figure, image(imdata) 
fgds=['Novice HeatMap: Image ', num2str(cnnt)]; 
title(fgds) 
hold on; 
h=image((256/max(max(Novice)))*Novice(1:size(imdata,1),1:size(imdata,2))) 
alpha=(256/max(max(Novice)))*( max(max(Novice))- 
(Novice(1:size(imdata,1),1:size(imdata,2)))  ); 
alpha=(1/max(max(Novice)))*(  (Novice(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(h, [fgds,'.png'], 'png'); close(hi) 
 
 
hi=figure, image(imdata) 
fgds=['Novice HeatMap - fixation: Image ', num2str(cnnt)]; 
title(fgds) 
hold on; 
h=image((256/max(max(Novicefix)))*Novicefix(1:size(imdata,1),1:size(imdata
,2))) 
alpha=(256/max(max(Novicefix)))*( max(max(Novicefix))- 
(Novicefix(1:size(imdata,1),1:size(imdata,2)))  ); 
alpha=(1/max(max(Novicefix)))*(  (Novicefix(1:size(imdata,1),1:size(imdata,2)
))  ); 
set(h, 'AlphaData', alpha); 
saveas(h, [fgds,'.png'], 'png'); close(hi) 
 
 
hi=figure, image(imdata) 
fgds=['Novice HeatMap - fixation -within the Roi: Image ', num2str(cnnt)]; 
title(fgds) 
hold on; 
h=image((256/max(max(Novicefixroi)))*Novicefixroi(1:size(imdata,1),1:size(i
mdata,2))) 
alpha=(256/max(max(Novicefixroi)))*( max(max(Novicefixroi))- 
(Novicefixroi(1:size(imdata,1),1:size(imdata,2)))  ); 
alpha=(1/max(max(Novicefixroi)))*(  (Novicefixroi(1:size(imdata,1),1:size(imd
ata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(h, [fgds,'.png'], 'png'); close(hi) 
 
 
 
 
 
 
 
%must be odd 
nbins1=(2*floor(xsize/2))+1; 
 293 
nbins2=(2*floor(ysize/2))+1; 
 
%aaa=hist3([E{4} E{5}],[nbins1 nbins2]); 
aaa=hist3([E{4} E{5}],{1:xbins:scanwidthx  1:ybins:scanwidthy})'; 
 
bbb=0; 
bbb(nbins2,nbins1)=0; 
for cnt=1:size(E{1},1), 
if  floor(E{5}(cnt)/ybins)>1 & floor(E{4}(cnt)/xbins)>1, 
 bbb( floor(E{4}(cnt)/xbins),   floor(E{5}(cnt)/ybins) )= bbb( 
floor(E{4}(cnt)/xbins),   floor(E{5}(cnt)/ybins) )+E{2}(cnt); 
end 
end 
 
Efix=bbb'; 
 
bbb=0; 
bbb(nbins2,nbins1)=0; 
for cnt=1:size(E{1},1), 
 if E{3}(cnt)==1 & floor(E{5}(cnt)/ybins)>1 & floor(E{4}(cnt)/xbins)>1, 
  bbb( floor(E{4}(cnt)/xbins),   floor(E{5}(cnt)/ybins) )= bbb( 
floor(E{4}(cnt)/xbins),   floor(E{5}(cnt)/ybins) )+E{2}(cnt); 
 end 
end 
Efixroi=bbb'; 
 
 
%figure, HeatMap(aaa); 
 
bb1=[-((size(aaa,1)-1)/2):((size(aaa,1)-1)/2)]; 
bb2=[-((size(aaa,2)-1)/2):((size(aaa,2)-1)/2)]; 
 
 
gwidth=size(aaa,1)/gwidthfracc; 
X=(exp(-(bb1.^2)/gwidth))' * (exp(-(bb2.^2)/gwidth)); 
Expert= conv2(aaa,X,'same'); 
 
Expert=Expert/(sum(sum(Expert))); 
 
 
Expertfix=conv2(Efix,X,'same'); 
Expertfix=Expertfix/(sum(sum(Expertfix))); 
 
Expertfixroi=conv2(Efixroi,X,'same'); 
Expertfixroi=Expertfixroi/(sum(sum(Expertfixroi))); 
 
 
 
%figure, HeatMap(X) 
%figure, image(Expert) 
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%figure, HeatMap(Expert) 
 
hi=figure, image(imdata) 
fgds=['Expert HeatMap ', num2str(cnnt)]; 
title(fgds) 
hold on; 
h=image((256/max(max(Expert)))*Expert(1:size(imdata,1),1:size(imdata,2))) 
alpha=(256/max(max(Expert)))*( max(max(Expert))- 
(Expert(1:size(imdata,1),1:size(imdata,2)))  ); 
alpha=(1/max(max(Expert)))*(  (Expert(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(h, [fgds,'.png'], 'png'); close(hi) 
 
 
hi=figure, image(imdata) 
fgds=['Expert HeatMap - fixation: Image ', num2str(cnnt)]; 
title(fgds) 
hold on; 
h=image((256/max(max(Expertfix)))*Expertfix(1:size(imdata,1),1:size(imdata,
2))) 
alpha=(256/max(max(Expertfix)))*( max(max(Expertfix))- 
(Expertfix(1:size(imdata,1),1:size(imdata,2)))  ); 
alpha=(1/max(max(Expertfix)))*(  (Expertfix(1:size(imdata,1),1:size(imdata,2))
)  ); 
set(h, 'AlphaData', alpha); 
saveas(h, [fgds,'.png'], 'png'); close(hi) 
 
 
hi=figure, image(imdata) 
fgds=['Expert HeatMap - fixation -within the Roi: Image ', num2str(cnnt)]; 
title(fgds) 
hold on; 
h=image((256/max(max(Expertfixroi)))*Expertfixroi(1:size(imdata,1),1:size(im
data,2))) 
alpha=(256/max(max(Expertfixroi)))*( max(max(Expertfixroi))- 
(Expertfixroi(1:size(imdata,1),1:size(imdata,2)))  ); 
alpha=(1/max(max(Expertfixroi)))*(  (Expertfixroi(1:size(imdata,1),1:size(imda
ta,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(h, [fgds,'.png'], 'png'); close(hi) 
 
 
 
 
%%-- 
 
 
hi=figure, image(imdata) 
fgds=['Expert - Novice HeatMap - fixation: Image ', num2str(cnnt)]; 
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temp= (Expertfix(1:size(imdata,1),1:size(imdata,2)))  -
Novicefix(1:size(imdata,1),1:size(imdata,2)); 
title(fgds) 
hold on; 
h=image((256/max(max(Expertfix-Novicefix)))*( (temp>0).*temp )) 
alpha=(256/max(max(Expertfix-Novicefix)))*( max(max(Expertfix-Novicefix))-
((temp>0).*temp)); 
alpha=(1/max(max(Expertfix-Novicefix)))*( (temp>0).*temp ); 
set(h, 'AlphaData', alpha); 
saveas(h, [fgds,'.png'], 'png'); close(hi) 
 
 
hi=figure, image(imdata) 
fgds=['Novice - Expert HeatMap - fixation: Image ', num2str(cnnt)]; 
temp2= (Novicefix(1:size(imdata,1),1:size(imdata,2)))-
Expertfix(1:size(imdata,1),1:size(imdata,2)); 
title(fgds) 
hold on; 
h=image((256/max(max(Novicefix-Expertfix)))*( (temp2>0).*temp2 )) 
alpha=(256/max(max(Novicefix-Expertfix)))*( max(max(Expertfix-Novicefix))-
((temp2>0).*temp2)); 
alpha=(1/max(max(Novicefix-Expertfix)))*( (temp2>0).*temp2 ); 
set(h, 'AlphaData', alpha); 
saveas(h, [fgds,'.png'], 'png'); close(hi) 
 
 
 
hi=figure, image(imdata) 
fgds=['Expert - Novice HeatMap: Image ', num2str(cnnt)]; 
dtemp= (Expert(1:size(imdata,1),1:size(imdata,2)))  -
Novice(1:size(imdata,1),1:size(imdata,2)); 
title(fgds) 
hold on; 
h=image((256/max(max(Expert-Novice)))*( (dtemp>0).*dtemp )) 
alpha=(256/max(max(Expert-Novice)))*( max(max(Expert-Novice))-
((dtemp>0).*dtemp)); 
alpha=(1/max(max(Expert-Novice)))*( (dtemp>0).*dtemp ); 
set(h, 'AlphaData', alpha); 
saveas(h, [fgds,'.png'], 'png'); close(hi) 
 
 
hi=figure, image(imdata) 
fgds=['Novice - Expert HeatMap: Image ', num2str(cnnt)]; 
dtemp2= (Novice(1:size(imdata,1),1:size(imdata,2)))-
Expert(1:size(imdata,1),1:size(imdata,2)); 
title(fgds) 
hold on; 
h=image((256/max(max(Novice-Expert)))*( (dtemp2>0).*dtemp2 )) 
alpha=(256/max(max(Novice-Expert)))*( max(max(Expert-Novice))-
((dtemp2>0).*dtemp2)); 
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alpha=(1/max(max(Novice-Expert)))*( (dtemp2>0).*dtemp2 ); 
set(h, 'AlphaData', alpha); 
saveas(h, [fgds,'.png'], 'png'); close(hi) 
 
 
 
 
 
 
%%% now load in Computed low-level saliency maps 
 
 
S1=load('/vol/vssp/acasva/people/David/Salience/Saliency_packages/CIWaM
/SIM/saliencemap.txt'); 
S2=load('/vol/vssp/acasva/people/David/Salience/Saliency_packages/SRA/s
aliencemap.txt'); 
S3=load('/vol/vssp/acasva/people/David/Salience/Saliency_packages/DVA/ni
ps08matlab/saliencemap.txt'); 
S4=load('/vol/vssp/acasva/people/David/Salience/Saliency_packages/GBVS/
gbvs/saliencemap.txt'); 
S5=load('/vol/vssp/acasva/people/David/Salience/Saliency_packages/ImgSig
/signatureSal/saliencemap.txt'); 
S6=load('/vol/vssp/acasva/people/David/Salience/Saliency_packages/Itti_98/
simpsal/saliencemap.txt'); 
S7=load('/vol/vssp/acasva/people/David/Salience/Saliency_packages/PQFT/
spectral_saliency_matlab/saliencemap.txt'); 
S8=load('/vol/vssp/acasva/people/David/Salience/Saliency_packages/SDSR/
Package/saliencydetection/saliencemap.txt'); 
S9=load('/vol/vssp/acasva/people/David/Salience/Saliency_packages/STB/S
aliencyToolbox/saliencemap.txt'); 
S10=load('/vol/vssp/acasva/people/David/Salience/Saliency_packages/SUN/i
magesaliency/saliency/saliencemap.txt'); 
 
S1=S1/(sum(sum(S1))); 
S2=S2/(sum(sum(S2))); 
S3=S3/(sum(sum(S3))); 
S4=S4/(sum(sum(S4))); 
S5=S5/(sum(sum(S5))); 
S6=S6/(sum(sum(S6))); 
S7=S7/(sum(sum(S7))); 
S8=S8/(sum(sum(S8))); 
S9=S9/(sum(sum(S9))); 
S10=S10/(sum(sum(S10))); 
 
 
%S1 
fgds=['CIWaM Saliency Measure: Image ', num2str(cnnt)]; 
hi=figure, image(imdata) 
title(fgds) 
hold on; 
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h=image((256/max(max(S1)))*S1(1:size(imdata,1),1:size(imdata,2))) 
alpha=(1/max(max(S1)))*(  (S1(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
%S2 
fgds=['SRA Saliency Measure: Image ', num2str(cnnt)]; 
hi=figure, image(imdata) 
title(fgds) 
hold on; 
h=image((256/max(max(S2)))*S2(1:size(imdata,1),1:size(imdata,2))) 
alpha=(1/max(max(S2)))*(  (S2(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
%S3 
fgds=['DVA Saliency Measure: Image ', num2str(cnnt)]; 
hi=figure, image(imdata) 
hold on; 
title(fgds) 
h=image((256/max(max(S3)))*S3(1:size(imdata,1),1:size(imdata,2))) 
alpha=(1/max(max(S3)))*(  (S3(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
%S4 
fgds=['GBVS Saliency Measure: Image ', num2str(cnnt)]; 
hi=figure, image(imdata) 
hold on; 
title(fgds) 
h=image((256/max(max(S4)))*S4(1:size(imdata,1),1:size(imdata,2))) 
alpha=(1/max(max(S4)))*(  (S4(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
%S5 
fgds=['ImgSig Saliency Measure: Image ', num2str(cnnt)]; 
hi=figure, image(imdata) 
hold on; 
title(fgds) 
h=image((256/max(max(S5)))*S5(1:size(imdata,1),1:size(imdata,2))) 
alpha=(1/max(max(S5)))*(  (S5(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
%S6 
fgds=['Itti 98 Saliency Measure: Image ', num2str(cnnt)]; 
hi=figure, image(imdata) 
hold on; 
title(fgds) 
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h=image((256/max(max(S6)))*S6(1:size(imdata,1),1:size(imdata,2))) 
alpha=(1/max(max(S6)))*(  (S6(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
 
%S7 
fgds=['PQFT Saliency Measure: Image ', num2str(cnnt)]; 
hi=figure, image(imdata) 
hold on; 
title(fgds) 
h=image((256/max(max(S7)))*S7(1:size(imdata,1),1:size(imdata,2))) 
alpha=(1/max(max(S7)))*(  (S7(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
%S8 
fgds=['SDSR Saliency Measure: Image ', num2str(cnnt)] 
hi=figure, image(imdata) 
hold on; 
title(fgds) 
h=image((256/max(max(S8)))*S8(1:size(imdata,1),1:size(imdata,2))) 
alpha=(1/max(max(S8)))*(  (S8(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
%S9 
fgds=['STB Saliency Measure: Image ', num2str(cnnt)] 
hi=figure, image(imdata) 
hold on; 
title(fgds) 
h=image((256/max(max(S9)))*S9(1:size(imdata,1),1:size(imdata,2))) 
alpha=(1/max(max(S9)))*(  (S9(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
%S10 
fgds=['SUN Saliency Measure : Image', num2str(cnnt)]; 
hi=figure, image(imdata) 
hold on; 
title(fgds) 
h=image((256/max(max(S10)))*S10(1:size(imdata,1),1:size(imdata,2))) 
alpha=(1/max(max(S10)))*(  (S10(1:size(imdata,1),1:size(imdata,2)))  ); 
set(h, 'AlphaData', alpha); 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
 
 
 
%%%Coincidence calculation 
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% set intersection wrt to cut-off threshold 
 
ExpertTrim=Expert(1:size(imdata,1),1:size(imdata,2)); 
NoviceTrim=Novice(1:size(imdata,1),1:size(imdata,2)); 
 
ExpertTrimfix=Expertfix(1:size(imdata,1),1:size(imdata,2)); 
NoviceTrimfix=Novicefix(1:size(imdata,1),1:size(imdata,2)); 
 
ExpertTrimfixroi=Expertfixroi(1:size(imdata,1),1:size(imdata,2)); 
NoviceTrimfixroi=Novicefixroi(1:size(imdata,1),1:size(imdata,2)); 
 
 
NoviceTrim(:); 
ExpertTrim(:); 
 
ttemp=( (temp>0).*temp ); 
ttemp2=( (temp2>0).*temp2 ); 
tdtemp=( (dtemp>0).*dtemp ); 
tdtemp2=( (dtemp2>0).*dtemp2 ); 
 
 
%temp = exp-nov fix 
%temp2=nov-exp fix 
%dtemp=exp-nov dur 
%dtemp2=nov-exp dur 
 
%XX=[S1(:) S2(:) S3(:) S4(:) S5(:) S6(:) S7(:) S8(:) S9(:) S10(:) 
NoviceTrim(:)   NoviceTrimfix(:) NoviceTrimfixroi(:)  ExpertTrim(:) 
ExpertTrimfix(:) ExpertTrimfixroi(:) temp(:)]'; 
 
XX=[S1(:) S2(:) S3(:) S4(:) S5(:) S6(:) S7(:) S8(:) S9(:) S10(:) 
NoviceTrim(:)   NoviceTrimfix(:) NoviceTrimfixroi(:)  ExpertTrim(:) 
ExpertTrimfix(:) ExpertTrimfixroi(:) ttemp(:) ttemp2(:) tdtemp(:) tdtemp2(:)]'; 
 
ttemp=0; 
 
clear S1 
clear S2 
clear S3 
clear S4 
clear S5 
clear S6 
clear S7 
clear S8 
clear S9 
clear S10 
clear NoviceTrim 
clear NoviceTrimfix 
clear NoviceTrimfixroi 
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clear ExpertTrim 
clear ExpertTrimfix 
clear ExpertTrimfixroi 
clear temp 
 
%D = pdist(XX,distance) 
 
D=0; 
D(11,size(XX,1),size(XX,1))=0; 
D(1,:,:)=squareform(pdist(XX,'euclidean')); 
D(2,:,:)=squareform(pdist(XX,'seuclidean')); 
D(3,:,:)=squareform(pdist(XX,'cityblock')); 
D(4,:,:)=squareform(pdist(XX,'minkowski')); 
D(5,:,:)=squareform(pdist(XX,'chebychev')); 
%D(6,:,:)=squareform(pdist(XX,'mahalanobis')); 
D(7,:,:)=squareform(pdist(XX,'cosine')); 
D(8,:,:)=squareform(pdist(XX,'correlation')); 
D(9,:,:)=squareform(pdist(XX,'spearman')); 
 
D(10,:,:)=squareform(pdist(XX>exp(-0 -0.01),'hamming')); 
D(11,:,:)=squareform(pdist(XX>exp(-10 -0.01),'hamming')); 
D(12,:,:)=squareform(pdist(XX>exp(-20 -0.01),'hamming')); 
D(13,:,:)=squareform(pdist(XX>exp(-30 -0.01),'hamming')); 
D(14,:,:)=squareform(pdist(XX>exp(-40 -0.01),'hamming')); 
 
D(15,:,:)=squareform(pdist(XX>exp(-0 -0.01),'jaccard')); 
D(16,:,:)=squareform(pdist(XX>exp(-10 -0.01),'jaccard')); 
D(17,:,:)=squareform(pdist(XX>exp(-20 -0.01),'jaccard')); 
D(18,:,:)=squareform(pdist(XX>exp(-30 -0.01),'jaccard')); 
D(19,:,:)=squareform(pdist(XX>exp(-40 -0.01),'jaccard')); 
 
ddd={'CIWaM Saliency Measure','SRA Saliency Measure','DVA Saliency 
Measure','GBVS Saliency Measure','ImgSig Saliency Measure','Itti 98 
Saliency Measure','PQFT Saliency Measure','SDSR Saliency Measure','STB 
Saliency Measure','SUN Saliency Measure'} 
 
ddd1={'Nov 
fix                                                                                                                      '
,'Nov 
dur                                                                                                                      
', 'N dur 
R                                                                                                                      ','
Exp 
fix                                                                                                                      '
,'E 
dur                                                                                                                      
','E dur 
R                                                                                                                      ','
E-N 
fix                                                                                                                      '
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,'N-E 
fix                                                                                                                      '
,'E-N 
dur                                                                                                                      
','N-E 
dur                                                                                                                      
','                                                                                                              ','        
                                                                                                     ','                   
                                                                                          ','                              
                                                                               ','                                         
                                                                    ','                                                    
                                                          ','                                                              
                                              ','                                                                          
                                  ','                                                                                      
                        ','                                                                                                
             '} 
 
 
fgds=['Euclidean distance: Image ', num2str(cnnt)]; 
%hi=figure, image(100*squareform(pdist(XX,'euclidean'))) 
%hi=figure, 
image(255*squeeze(D(1,1:10,11:20))/max(max(D(1,1:10,11:20)))); 
hi=figure, imagesc(squeeze(D(1,1:10,11:20))); 
title(fgds) 
set(gca,'XTick',[1:size(XX,1)]) 
set(gca,'XTickLabel',ddd1) 
set(gca,'YTick',[1:size(XX,1)]) 
set(gca,'yTickLabel',ddd) 
set(gca,'XAxisLocation','bottom') 
rotateticklabel(gca,90) 
colorbar 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
saveas(hi, [fgds,'.png'], 'png'); close(hi) 
 
 
 
%set(gca,'XLim',[.5 20.5]); 
 
%set(gca,'xticklabel', [1:0.5:20]) 
 
%set(gca,'xticklabel', ddd) 
%set(gca,'yticklabel', ddd) 
%rotateticklabel(gca,90) 
 
clear D 
 
%%end master loop 
end 
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squeeze(D(1,:,:)) 
squeeze(D(2,:,:)) 
squeeze(D(3,:,:)) 
squeeze(D(4,:,:)) 
squeeze(D(5,:,:)) 
squeeze(D(6,:,:)) 
squeeze(D(7,:,:)) 
squeeze(D(8,:,:)) 
squeeze(D(9,:,:)) 
squeeze(D(10,:,:)) 
squeeze(D(11,:,:)) 
squeeze(D(12,:,:)) 
squeeze(D(13,:,:)) 
squeeze(D(14,:,:)) 
squeeze(D(15,:,:)) 
squeeze(D(16,:,:)) 
squeeze(D(17,:,:)) 
squeeze(D(18,:,:)) 
squeeze(D(19,:,:)) 
 
load matlab-new1.mat 
D1=D; 
load matlab-new2.mat 
D2=D; 
load matlab-new3.mat 
D3=D; 
load matlab-new4.mat 
D4=D; 
load matlab-new5.mat 
D5=D; 
load matlab-new6.mat 
D6=D; 
load matlab-new7.mat 
D7=D; 
load matlab-new8.mat 
D8=D; 
load matlab-new9.mat 
D9=D; 
load matlab-new10.mat 
D10=D; 
 
DD=D1+D2+D3+D4+D5+D6+D7+D8+D9+D10; 
 
D=DD; 
 
cnnt=100 
 
-repeat images 
